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ABSTRACT 
 
Archaias angulatus, a large symbiont-bearing foraminifer (Order Miliolida) that produces a Mg-
calcite shell, is common throughout the Caribbean and warm western Atlantic region.  This species lives 
abundantly in seagrass beds along the Springs Coast of northwest Florida (up to 4 adults per gram of 
sediment) where spring-fed rivers emerge from a limestone aquifer, and in Florida Bay to the southeast 
(25 adults/g) where the sediment is primarily biogenic carbonate.  In contrast, live specimens are 
seldom found in the seagrass beds along the central-west coast of Florida, where barrier islands are 
dominated by quartz sand.  My working hypothesis is that substratum and carbonate chemistry, in 
addition to temperature and salinity, explain differences in abundance of A. angulatus associated with 
the seagrass meadows along the west Florida coastline and shelf.   
Water chemistry measurements were taken diurnally over 1-2 day periods at four sites in winter, 
spring and autumn of 2015.  Salinity and temperature were measured in situ, and sealed bottles of 
seawater were transported to the laboratory for analysis of Dissolved Inorganic Carbon (DIC) and Total 
Alkalinity (TA).  The highest TA was found in the Springs Coast (2766 μmol/kg-seawater, three-season 
average), along with the lowest salinities, which reveals a strong contribution from the nearby rivers, 
springs and seeps.  A TA end-member regression analysis predicts, and sampling confirms, TA increases 
with proximity to the river mouth, highlighting the atypical relationship between alkalinity and salinity in 
this carbonate province.   
A gradient in the value of TA was seen among the northern three sites, with TA decreasing from 
the Springs Coast site southward to Fort Desoto; additionally, the pH and calcium carbonate saturation 
states were higher at the northernmost sites.  The highest ratio of TA to DIC among all four sites was 
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found at the southern edge of the Springs Coast, reflecting strong primary production and DIC uptake by 
the dense meadows of seagrass in the area.  A daytime increase in the TA to DIC ratio was seen at all 
sites; however, the Springs Coast site (~5km from the Weeki Wachee river mouth) exhibited stronger 
tidal influences on TA and DIC than diurnal influences.  Plots of salinity-normalized TA and DIC indicate 
the Weeki Wachee coastal area is impacted by calcification and dissolution to a greater extent than by 
photosynthesis and respiration.  The gradual relief off the Springs Coast, as well as clarity of the water 
column, provide ideal physical habitat, and the input from spring-fed sources enhances the water 
chemistry for calcifying organisms.  Presence of A. angulatus in low salinity waters influenced by high 
alkalinity riverine discharge led to a new hypothesis that calcification in A. angulatus requires high 
carbonate alkalinity but not necessarily full marine salinity.   
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INTRODUCTION 
 
Annual seagrass sampling studies by the Fish and Wildlife Research Institute (FWRI, a unit of the 
Florida Fish and Wildlife Conservation Commission) discovered abundant specimens of Archaias 
angulatus (Fichtel & Moll) on seagrass blades in samples collected throughout the Springs Coast. This 
area, north of the Tampa Bay region, has many springs and spring-fed rivers that empty into the coastal 
waters of the Gulf of Mexico (Fig. 1).  Archaias angulatus is a dominant species in the assemblages of 
tropical and subtropical waters further to the south (Hallock et al., 1986; Martin, 1986; Walker et al., 
2011), but is much less common in the Gulf of Mexico, with no live specimens observed among the 
siliciclastic beaches and intracoastal waterways of Pinellas County.  An exception was personal 
observation of a few specimens in Fred Howard Park at the northern end of the county.  The park is at 
the southern edge of the Springs Coast and, depending on seasonal variations in seawater circulation 
(Weisberg et al., 2005), receives water flow from this area as well as from the nearby Anclote River (a 
non-spring fed river).   
These observations prompted a study to examine the carbonate-system parameters of the 
seawater at sites along the Springs Coast and southward to Fort Desoto.  A site in the Florida Keys, 
where A. angulatus is very abundant, was chosen for comparison with the waters farther to the north.  
In the Springs Coast, barrier islands that are typical along much of Florida’s coastline are absent.  Instead, 
numerous springs and marshes empty onto a very gradually sloping coastal shelf.  I hypothesized that 
the CaCO3 substrate, which has limited cover by siliciclastic quartz sand in the Springs Coast, enhances 
the alkalinity and saturation state of the coastal waters to provide a refuge for carbonate producers to 
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live, if not fossilize, despite cooler winter temperatures that otherwise inhibit calcification (Weber & 
White, 1974; Glynn & Stewart, 1973, as cited in Hubbard, 2015).   
 
Figure 1.  Composite satellite imagery of the sampling locations for this study. 
 
Ocean acidification (OA) is an imminent problem for many species.  Corals are most notably 
affected as OA is expected to impede coral growth in the near future (Kleypas and Yates, 2009; 
Silverman et al., 2009; Burke et al., 2011; Fabricius et al., 2011; Kroeker et al., 2013; van Hooidonk et al., 
2014).  In addition, studies that have examined stressors other than OA have found a decline in larger 
benthic foraminifera (LBF) abundance over the past several decades (Martin, 1986; Lidz and Rose, 1989; 
Cockey et al., 1996; Crevison et al., 2006; Souder et al., 2010).  Calcareous LBF’s will be further inhibited 
by the added stress of OA; however, LBF’s (which host algal endosymbionts) are more resilient than taxa 
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such as corals, and findings from Weinmann et al. (2013) suggest an increased role for larger 
foraminifera as carbonate-sediment producers in future oceans.   
The LBF’s as a group produce substantial amounts of carbonate sediment (Langer, 2008):  
globally, they account for roughly 0.5% of the total annual carbonate production.  In comparison to 
some stress-prone species, larger foraminifera may fare relatively well at a lower pH, but their total 
production of carbonate will likely decrease as most acidification experiments indicate (e.g., Marubini et 
al., 2008; Knorr et al., 2015).  Intermediate concentrations of aqueous CO2 can increase the activity of 
symbionts living in organisms like foraminifera and, in turn, provide more energy for the host (e.g., Fujita 
et al., 2011).  Also, less CO32- extracted from surface waters and incorporated into the structures of 
calcifying organisms may result in a global slowdown in calcification that will raise the alkalinity of the 
surface ocean (Smith & Buddemeier, 1992; Pilson, 2014).  Reduced calcification by the majority of 
organisms may provide more ions for calcification to organisms that are able to thrive at elevated CO2 
levels.  The caveat is that the ion available for calcification will increasingly become HCO3-, while [CO32-] 
is reduced, and calcification pathways that occur primarily through inclusion (and subsequent 
deprotonation) of HCO3- will be the most effective (see Allison et al., 2014 and Zoccola et al., 2015 for a 
discussion of HCO3- inclusion as a primary mechanism of calcification).  
  As atmosphere-equilibrated concentrations of CO2 in the oceans continue to increase, the DIC 
(defined as [HCO3-] + [CO32-] + [CO2(aq)] with brackets indicating concentration) will become increasingly 
large in proportion to TA; such a reduction in the global TA to DIC ratio (increases in [CO2(aq)] at the 
expense of decreases in [CO32-]) will result in a lowered carbonate saturation state (Ω).  Thus, most 
calcifying organisms will be detrimentally affected, but those organisms that can tolerate higher CO2 
concentrations and lower Ω should continue to thrive. 
The extent to which calcifying organisms can cope with ocean acidification and to what extent 
elevated levels of TA might benefit surviving organisms, particularly those living in carbonate provinces, 
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is still unknown.  Calcareous sediment and seagrass can both enhance the environment of calcifying 
organisms; dissolution of carbonate sediments can buffer decreases in pH while consuming CO2 through 
the production of HCO3-, and photosynthesis consumes CO2 while elevating pH.  Areas downstream from 
seagrass beds show resistance to OA (Manzello et al., 2012; Okazaki et al., 2013).  The geological record 
reveals that some LBF’s survived OA events such as the Cretaceous-Paleogene mass extinction and the 
Paleocene-Eocene Thermal Maximum that occurred on longer time scales than the scale of the current 
OA event (Kiessling & Simpson, 2011; Hönisch et al., 2012; Drobne et al., 2014).   
The West Florida Shelf (WFS) was chosen as a test case for understanding the role of carbonate 
substrates in chemical buffering of seawater.  The objectives for my study were to (a) assess the 
geographic, geologic and hydrologic settings for my study areas, (b) assess the abundance of A. 
angulatus in sediment samples, (c) collect water chemistry data to compare the carbonate system 
parameters across four sites of varied substrate and environmental classifications, and (d) test the 
hypothesis that chemical properties of the Springs Coast waters benefit its calcareous inhabitants.  Both 
the diurnal and seasonal variation of carbonate system parameters are important (Yates & Halley, 2006; 
Yates et al., 2007), and a need has been expressed to combine seasonal and diurnal measurements to 
improve carbon budget calculations and numerical modeling of water quality (Yates et al., 2007).  I 
chose to sample at multiple times at the start and end of each day in order to record the diurnal cycle.  
The sampling was carried out over three seasons at times chosen to reflect diversity in the 
oceanographic environment.  January is a barycenter between lowest light availability (December) and 
coldest waters (January-February).  September has very warm waters despite declining light intensity, 
and May has increasing light intensity and water temperature (based on monthly climatological sea 
surface temperature satellite imagery; see Figure 2).   
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(a) January 
 
(b) May 
 
(c) September  
 
Figure 2.  Monthly climatological sea-
surface temperature (SST) for the Gulf of 
Mexico in the months of sampling.  Data 
from the AVHRR sensor aboard the 
NOAA-7 and 15 satellites was collected 
by the Institute for Marine Remote 
Sensing at the University of South Florida 
College of Marine Science. 
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Study species 
Archaias angulatus is a large, chlorophyte-bearing, high Mg-calcite (>8.5 mol% MgCO3) benthic 
foraminifer.  Magnesian calcite is more soluble than calcite but is alternatively more soluble and less 
soluble than aragonite at varying stages of saturation (Walter, 1985).  Decreasing from a point at which 
seawater is saturated with respect to the three common mineral forms (calcite, aragonite and Mg-
calcite, assessed at a common grain size), Mg-calcite is the first to dissolve, while at low saturation 
states, aragonite can dissolve more readily than Mg-calcite due to differences in microstructural 
complexity (Walter, 1985).   
Archaias angulatus is eurytopic and dominates quiet, nearshore and restricted marine 
environments of the tropical Western Atlantic Ocean and the Caribbean (Martin, 1986).  Populations are 
most abundant on mixed macroalgal-seagrass substrata that also harbor lush epiphytic growth.  
Densities of A. angulatus of 5 x 104 m-2 can produce roughly 60 g CaCO3 m-2 yr-1  and up to 100 g CaCO3 
m-2 yr-1 when accounting for production by juveniles (Hallock et al., 1986).  The habitat ranges from less 
than 1 m in relatively turbid coastal areas to over 20 m in clean, open-shelf or reef-margin habitats 
(Hallock & Peebles, 1993; Walker et al., 2011).  By most accounts in the literature, A. angulatus typically 
occurs at salinities >30.  In the Florida Keys, Hallock and Peebles (1993) found A. angulatus living at 
salinities of 29–39 within a yearly temperature range of 14-33 °C; they also reported A. angulatus to be 
intolerant of reduced oxygen.   
There is some discrepancy in the literature on the tolerance ranges of A. angulatus, but the 
general theme is that of normal marine salinity and subtropical temperatures.  Murray (2014) lists the 
salinity habitat for A. angulatus “associations” as 34–37.  Weinmann et al. (2013) used species 
distribution models to predict where certain LBF’s may occur in relation to climate change, and they 
found that A. angulatus distributions correlated with normal marine salinity (S = 34-38) with no 
occurrence at a salinity of 32 or below.  Toomey (2013) reported chronic photoinhibition at 
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temperatures above 31 °C, but also found that A. angulatus tolerance for low temperatures was much 
greater than expected.  Culver and Buzas (1981) show presence of A. angulatus at various sites along the 
inner West Florida Shelf (WFS) as far north as the Panhandle, based on historical records.  The majority 
of the northern transects were sampled by Bandy (1956) and he noted that A. angulatus was sparsely 
represented in this region.  Within an onshore-offshore transect originating from Tarpon Springs, Bandy 
(1956) found A. angulatus to be the predominant species beyond the nearshore; however, the 
populations found in the Springs Coast were largely unexamined until this study.  In the Tarpon Springs 
transect, Bandy found the greatest Archaias percentage of the total foraminiferal assemblage to be at a 
depth of 6-10 m.  In the transect originating from the Tampa Bay coastline, the greatest Archaias 
percentage of the total assemblage was at a depth of 24 m.  There is no indication of the percent of 
living Archaias, however, and no specific abundance was given (such as specimens per gram of 
sediment); so, a direct comparison cannot be made to the samples of Archaias found in the inshore 
waters of the Springs Coast.   
 
Study areas 
Seagrass 
The sites where water samples were collected for chemical analyses are shown in Figures 3–5. 
The seagrass under the immediate sampling location at each site was predominantly Thalassia 
testudinum and covered nearly 100% of the sediment.  Long Key in the Florida Keys lies between the 
Straits of Florida and the outer limits of what is considered Florida Bay.  The sampling site (Site 1:  
24.82718N, 80.81475W) is over a patch of long, dense seagrass in less than 2 m of water in an 
embayment behind the Keys Marine Laboratory (see also Fujita & Hallock, 1999).  The sampling site at 
Fort Desoto (Site 2:  27.65393N, 82.72714W) for the spring and autumn rounds is among dense thickets 
of seagrass in ~1 m of water.  The initial (winter) round of sampling at Fort Desoto was conducted in a 
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very shallow area with little seagrass and was moved to a nearby location that was more similar to the 
other sites (i.e., dense seagrass and slightly greater water depth) for the spring and autumn sampling.  
Looking at the entire Fort Desoto lagoon, there are large and small patches of seagrass, as well as 
extremely shallow sandy areas and channels deepened for boat traffic.  Fred Howard Park (Site 3:  
28.15367N, 82.80351W) is situated in the middle of a seagrass meadow on a manmade island.  The 
immediate surrounding area is very shallow (~1 m) but deepens in the Intracoastal Waterway (> 4 m) 
between the park and Anclote Key, the northernmost barrier island in west central Florida.   
Dense seagrass covers the Weeki Wachee River mouth out to a distance of several kilometers 
from shore, where it joins with extensive offshore seagrass meadows that continue northward towards 
the Big Bend area and southward to the intracoastal waters of Pinellas County (Fig. 3).  Large inshore 
areas to the north and south of the river mouth contain only sparse patches of seagrass.  Hard limestone 
substrate outcrops at the seafloor in many places, with a thin covering of sand and shell fragments 
elsewhere.  The sampling location (Site 4) was shifted further offshore from the winter to autumn 
sampling rounds with the goal of reaching seawater of normal marine salinity.  During sampling by kayak 
in the winter (28.55177N, 82.68528W) and by small boat in the spring (28.54297N, 82.70781W) and 
autumn (Day 1:  28.54143N, 82.71539W, Day 2:  28.52527N, 82.73022W), I found that low salinity in the 
coastal waters can persist for several kilometers offshore.  The sampling location from winter to autumn 
ranged from 4–7 km from the mouth of the Weeki Wachee River.  Depths ranged from 2–4 m. 
The seagrass distribution (Fig. 3) is a collection of multiple map layers created from aerial 
imagery from multiple years:  Spring Coast (SWFWMD, 2007), central west Florida (SWFWMD, 2012) and 
south Florida (FWC-FWRI, 2001).  The map layers were downloaded from Southwest Florida Water 
Management District’s (SWFWMD) Shapefile Library (http://www.swfwmd.state.fl.us/) and Florida Fish 
& Wildlife Conservation Commission-Fish and Wildlife Research Institute’s (FWC-FWRI) GIS & Mapping 
Data Downloads (http://geodata.myfwc.com/). 
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Figure 3.  Seagrass coverage for the broader area surrounding the sampling sites.  Designations for seagrass density 
are those reported by SWFWMD.  The blackish-gray areas represent limestone substrata.    
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Physical, geologic and hydrologic setting 
The Middle Keys (Site 1, Long Key) are limestone created by Pleistocene fossil coral reefs, and 
the sediments are predominately biogenic carbonate.  The Fort Desoto area (Site 2) is comprised of 
Holocene quartz sand and mud.  Fred Howard Park (Site 3) is established on a manmade island 
connected to the mainland by a causeway and land bridge. The lithological description is 
Oligocene/Miocene limestone and mudstone surrounded by predominantly Pleistocene/Holocene mud 
and beach sand.  The substrate along the Springs Coast (Site 4, Weeki Wachee coastal) is Eocene and 
Oligocene limestone and dolostone.  The Weeki Wachee River flows from a first order magnitude spring 
(Yobbi & Knochenmus, 1989) and empties onto a very shallow portion of the West Florida Shelf.  The 
extent of the gradual relief is shown by the depth contours (Fig. 4).  A longshore current flowing 
northward for part of the year in the eastern Gulf of Mexico (Wetterhall, 1964) has filled many of the 
sinks and springs in the area with sand transported from the south.  Karst seafloor is found near the 
Weeki Wachee River, but the number of karst features decreases away from shore (Brooks, 1973).      
The Florida geological layer, downloaded from the USGS Mineral Resources Online Spatial Data 
catalog (http://mrdata.usgs.gov/geology/state/), displays the first order rock types (Scott et al., 2001; 
Dicken et al., 2005).  Geological ages and second order rock types were accessed from the map layer 
using a GIS application.  Geological layers adjacent to the nearshore waters of the sampling regions are 
presented in Figure 4 along with bathymetry and locations of the sampling sites.  The depth contours, 
downloaded from FWC-FWRI’s GIS & Mapping Data Downloads, were derived from a composite of 
several bathymetric datasets (NOAA Coastal Service Center, 2000).   
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Figure 4.  The bathymetry and terrigenous geological layers in the region of each sampling site.  The lithology 
descriptions in the site labels are that of the nearest terrigenous coastal section.   
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Oceanographic setting 
Sea-surface temperature (SST) and salinity maps, downloaded from the NOAA Gulf of Mexico 
Data Atlas (http://gulfatlas.noaa.gov/catalog/), show climatologies and multi-year means created from 
compiled satellite imagery.  The SST layer was created from 4-km data collected by AVHRR sensors 
aboard NOAA polar-orbiting satellites (Byrne et al., 2011).  The salinity layer was created from 1-km 
MODIS-Aqua satellite imagery (Allee et al., 2012).  The difference in average winter temperatures 
between the northern sites (Weeki Wachee to Fort Desoto) and the southern site (Long Key, Florida 
Keys) is evident in the SST winter climatologies (Fig. 5a).  Rather large differences in salinity exist 
between the Weeki Wachee site and other sites, and this is represented by the extremely broad area 
along the Springs Coast that falls into the polyhaline (S = 18-30) category (Fig. 5b).  The determination of 
this remotely-sensed salinity data is still considered experimental, and as with most satellite imagery-
derived data, it does not accurately reflect shallow, nearshore areas of high water clarity.   
 
Nutrients 
Table 1 summarizes nutrient data reported by SWFWMD.  Nutrient concentrations for each of 
the four sites are typically low; most notable are phosphate and silicate, which are utilized in carbonate 
system calculations.  The Middle Keys are quite remote and the Florida Bay side receives mostly water 
transported across the West Florida Shelf.  The Fort Desoto lagoon and Fred Howard Park are both 
removed from the mainland of Pinellas County, although each is accessible by automobile over 
causeways that partially obstruct water circulation.  Fred Howard Park is only a few kilometers from the 
mouth of the Anclote River and showed the highest nutrient concentrations among the four sites.  The 
sampling site in the Weeki Wachee coastal area is remote from land sources of nutrient runoff and 
reported nutrient concentrations are rather low.  Nevertheless, the area receives relatively strong 
discharge from the river and springs.   
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Figure 5.  Winter sea-surface temperature climatologies for peninsular Florida (a) and mean winter salinity for 
central west Florida (b).  The Southern Gulf of Mexico including the Florida Keys was not covered by the salinity 
map created for the NOAA Gulf of Mexico Data Atlas; Site 1 (Long Key, not shown) is part of the Middle Keys where 
salinity is typically near oceanic values or above, S = 34-38. 
  
a b 
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Table 1.  Averaged nutrient and TA values collected by SWFWMD*.  Values were originally reported in mg/L and 
have been converted to μmol/kg.  The values reported as “Total Alkalinity” reflect only that portion from CaCO3 (or 
carbonate alkalinity) and do not equate to the total alkalinity values of samples in this study but are close 
approximations.  Regardless, by comparing the values at each site with their locations in Figure 6, a trend can be 
seen in the data of increasing TA down river and then a subsequent decrease offshore.   
  
  
*SWFWMD-Water Management Information System, 
http://www18.swfwmd.state.fl.us/ResData/Search/ExtDefault.aspx 
 
 
Figure 6.  SWFWMD data collection sites along the Weeki Wachee River and into the coastal area.  The Anclote and 
Tampa Bay sampling sites are seen in the map inset.  
Site
Period of 
record
Total 
Phosphorus
Dissolved 
Silica
Total Alkalinity 
(as CaCO3)
(see Figure 4) (years or day) (μmol/kg) (μmol/kg) (μmol/kg)
Weeki River 10 2003-2005 0.36 - 2887
Weeki River 8 2003-2005 0.32 - 2909
Weeki River 6 2003-2005 0.32 - 3027
Weeki River 4 2003-2005 0.36 - 2963
Weeki River 1 2003-2005 0.32 - 2843
Bayport Gulf 4 7/23/1998 0.32 - -
Anclote 7 2000-2004 0.52 - -
Anclote 6 2000-2004 0.52 - -
Tampa Bay 1 08/25,26/1991 0.48 0.78 -
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METHODS 
 
Sediment collection and analysis 
Seagrass blades and basal sediment were sampled to confirm presence or absence of A. 
angulatus at each of the study sites.  For the Springs Coast, additional samples were provided by the 
seagrass research team at FWC-FWRI (http://myfwc.com/habitat/seagrasses/) that were collected in 
September 2013.  Abundance of A. angulatus was quantified by the total number of intact specimens 
per gram of sediment and by the number of live specimens per gram of sediment.  Live specimens are 
defined as those having some green color from the chlorophyte endosymbionts within their tests (shells).  
The sample sites were categorized in terms of A. angulatus abundance, presence or absence, by utilizing 
the Jenks natural breaks classification method within ArcGIS (Esri).  The distribution of abundance was 
mapped in relation to salinity, mean winter temperatures, and seagrass coverage.   
 
Water sampling 
At each of the four sites, water sampling was carried out over dense patches of seagrass.  For 
consistency, the sampling schedule was designed for sampling on clear, sunny days with little wind 
turbulence to affect the water transparency.  As a result, all sampling days were sunny with the 
exception of a few days in each season having temporary cloudiness in either the A.M. or P.M. but not 
both.  The pursuit of good weather also led to good water clarity, with only a few days over the entire 
three seasons of sampling having turbid water at the sampling sites in either the A.M. or P.M.  Sample 
bottles were maintained in insulated containers and transported to the laboratory in Saint Petersburg 
upon the conclusion of sampling at each site.   
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Nutrients 
Samples were collected for nutrient analysis in the autumn sampling only.  Samples were taken once in 
the morning and once in the late afternoon at the second sampling time of each session.  For these 
samples, seawater was poured into a polypropylene syringe and injected through a 0.22 μm filter 
(Millex™ GP filter unit) into 50 mL acid-washed, polypropylene vials.  The vials for phosphate and nitrate 
analysis were frozen as soon as possible, and the vials for silicate analysis were refrigerated.  All nutrient 
concentrations were measured at the University of South Florida College of Marine Science following 
the methods of Parsons (1984).   
Carbonate system parameters  
Temperature and salinity were measured in the field, while Total Alkalinity (TA) was determined 
spectrophotometrically and Dissolved Inorganic Carbon (DIC) coulometrically in the laboratory.  
Temperature was measured from a pH meter equipped with a dual thermometer and pH probe (Hanna 
Instruments HI98191, ±0.4 °C).  Although pH was measured for every sample taken, the pH values were 
not used in the calculation of carbonate system parameters because NIST buffers used were not 
appropriate at the ionic strength of seawater.  A detailed explanation of this issue and a method for 
recovering reliable pH values is discussed in Appendix A.  Salinity was measured using a handheld 
refractometer in the field, and a subset of water samples was later assessed using a salinometer 
(Portasal™ 8410A, S = ±0.003) to confirm the validity of the refractometer measurements (S = ±0.5).  
Measurements and samples were taken in the morning and afternoon (within a few hours of sunrise and 
sunset) at time periods that span typical peaks and troughs of the diurnal signal in the chemical data 
driven by the processes of photosynthesis, respiration, calcification and dissolution (e.g., Yates & Halley, 
2006; Liu et al., 2013).   
All of the data presented in this report are from unfiltered samples.  In the laboratory, however, 
any particles within the samples were given time to settle out, and sample water was carefully extracted 
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by syringe for the initial measurements of DIC.  For TA analysis, a gravity feed was constructed from 
tubing to remove the sample water without disturbing particles lying on the bottom.  Filtering was 
implemented in the third sampling season, so duplicate samples were taken to retrieve unfiltered 
samples that would be consistent with the previous two seasons and could also be compared to the 
filtered samples to assess the methodology.  The results of this assessment are presented in Appendix B.  
Filtering was performed by hand cranking a Masterflex™ manual peristaltic pump (model no. 7021-36) 
using either platinum-cured Masterflex™ silicon tubing or Tygon™ tubing.  Seawater was filtered 
through 0.45 μm nylon filter papers (MSI, Inc.) in a Nalgene™ filter housing.  In both the filtered and 
unfiltered method, 300 mL Wheaton™ BOD bottles were rinsed with sample seawater before filling.  
Samples were preserved by adding 70 μL of saturated mercuric chloride solution to the sample bottle by 
a Gilmont™ micrometer dispenser, or by pipetting, before applying inert silicon grease to the bottle 
stopper to create a seal.  The stopper and bottle neck were then tightly wrapped with electric tape to 
create a positive-pressure seal and prevent gas exchange.   
The original strategy was to collect water samples near the top of the seagrass blades where A. 
angulatus may be living and to also maintain a consistent distance from the sea surface.  This method 
proved to be problematic in the second and third seasons when sampling was performed in slightly 
deeper water at the Weeki Wachee site.  To test for vertical gradients in water chemistry, samples in 
autumn were taken at a depth near the bottom (~2.5 m) as well as the standard depth consistent with 
all other sites (~ 1 m) (see Appendix B, Table B1).  The 1 m depth was chosen for consistency, as 
opposed to proximity to seagrass.   
 
Laboratory measurements of TA and DIC  
Samples were measured for DIC within three weeks of retrieval and TA measurements were 
taken soon afterwards.  The DIC measurements were made using a UIC, Inc. coulometer (model no. 
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CM5015) and acidification module (model no. CM5130) following the widely adapted method presented 
in SOP 2 of Dickson et al. (2007).  Twenty mL of seawater were extracted from the sample bottles using 
a polypropylene syringe fitted with a needle and then injected into the acidification chamber of the 
coulometer.  Phosphoric acid (17%) was used to convert all inorganic carbon in the sample to CO2.  The 
dissolved CO2 was transported by an inert carrier gas to the coulometer cell for measurement of total 
CO2.  All sample amounts for TA and DIC were gravimetrically determined by weighing the syringe 
before and after injection.   
The TA measurements were performed using an Ocean Optics, Inc. spectrometer (model no. 
USB4000) to measure the titration pH, a Metrohm Dosimat™ to dispense hydrochloric acid, ultra-pure 
nitrogen gas to purge the system of CO2 after the titration, and proprietary software (Center for Ocean 
Technology) to determine the absorbance ratios of the peak wavelengths. Techniques described by Yao 
and Byrne (1998) were followed with some additional automation of the acid titration.   
Total alkalinity is defined as “the number of moles of hydrogen ion (H+) equivalent to the excess 
of proton acceptors (bases formed from weak acids with dissociation constant K ≤ 10-4.5 at 25 °C and 
zero ionic strength) over proton donors (acids with K > 10-4.5) in one kilogram of sample” (Dickson, 1981).  
TA can be expressed as follows:  
TA = [HCO3-] + 2[CO32-] + [B(OH)4-] + [OH-] + [HPO42-] + 2[PO43-] + [H3SiO4-] + [NH3] +  
[HS-] + ⋯ − [H+] − [HSO4-] − [HF] − [H3PO4] − ⋯ 
where the ellipses (⋯) indicate acids and bases present at low concentrations.  The TA was determined 
by the equation outlined in Yao & Byrne (1998) from the mass of the seawater sample, the 
concentration and mass of the added acid, and the total concentration of the indicator dye.  Corrections 
for TA and DIC were made utilizing ratios of measured Certified Reference Material (CRM) sample values 
to actual values published for the CRM sample batch.  Bottles of CRM were obtained from the lab of 
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Andrew Dickson, UCSD; values of TA and DIC are listed per batch on the website: 
http://cdiac.ornl.gov/oceans/Dickson_CRM/batches.   
The accuracy of both the TA and DIC results was calculated from the difference between the 
average CRM reading and the listed CRM value.  Precision was calculated from both CRM samples and 
field samples, except in the case of TA for the winter sampling analysis when no replicates were run.  A 
summary of the accuracy and precision for each season is found in Table 2. 
 
Table 2.  Accuracy and precision of TA and DIC for three seasons of sampling. 
 
 
 
Calculated carbonate system parameters 
From the values for in situ temperature, salinity and pressure (depth), and laboratory 
determined Total Alkalinity and Dissolved Inorganic Carbon, calculations were made for pH, carbon 
dioxide fugacity (fCO2) and saturation states of calcite and aragonite using the CO2SYS software 
developed for Microsoft Excel (Pierrot et al., 2006).  The choices of constants were as follows:  K1 and K2 
from Mehrbach et al. (1973) refit by Dickson and Millero (1987); KHSO4 from Dickson (1990); Total 
Boron from Uppstrom (1974); and pH was calculated on the Total Scale ([H+]T = [H+]F + [HSO4-]) where 
[H+] is in moles per kilogram of seawater (mol/kg-sw).   
 
 
 
Season
Winter 2 2 (n=5) 3 (no replicates)
Spring 4 5 (n=9) 1 4 (n=5)
Autumn 1 4 (n=25) 8 9 (n=6) 
DIC
Accuracy  (± μmol/kg-sw)  Precision
TA
Accuracy   (± μmol/kg-sw)   Precision
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Total alkalinity end-members 
Water chemistry is influenced by freshwater input.  To predict theoretical TA0 end-members for 
the sampling sites of this study, an improved model for TA end-member determination (Yang et al., 
2015a) was used that provides graphical representation of the quality of TA0 determinations.  The 
equations are presented here to aid interpretation of the results. 
A conventional salinity normalization concept (Brewer, 1978) expresses the TA of any water 
sample along the mixing line from zero salinity to offshore salinity as: 
𝑇𝐴′ =  
𝑇𝐴𝑜𝑐𝑒
𝑆𝑜𝑐𝑒
 × 𝑆,     (1) 
where TAoce and Soce are that of the oceanic member, and S is either the mean salinity of the data set or 
a salinity of 35.  However, this equation does not account for contributions from sources with nonzero 
TA0 (Friis et al., 2003; Jiang et al., 2014).  The following equation (Yang et al., 2015a) expresses the TA of 
any water sample along a mixing line (varying S) involving a nonzero composite freshwater end-member 
and an oceanic end-member: 
𝑇𝐴 =
𝑇𝐴𝑜𝑐𝑒−𝑇𝐴
0
Soce
 × 𝑆 + 𝑇𝐴0,    (2) 
where TA0 is the nonzero TA freshwater end-member (S ≈ 0) and TAoce is the oceanic end-member (S = 
Soce, where Soce is the highest observed salinity for each plot, and TA = TAoce). This equation can be 
transformed (Yang et al., 2015a) as such: 
𝑇𝐴 ×  
𝑆𝑜𝑐𝑒
𝑆
 =
𝑇𝐴0 ×𝑆𝑜𝑐𝑒
𝑆
+ (𝑇𝐴𝑜𝑐𝑒 − 𝑇𝐴
0)  (3) 
Utilizing the above equation, regressions of TA x (Soce/S) versus 1/S provide TA0 from the slope of the 
linear relationship (TA0 x Soce) and TAoce from the intercept (TAoce – TA0).  Further details of the 
methodology are found in Yang et al. (2015a).    
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RESULTS 
 
Sediment analysis and Archaias distribution 
Microscopic examination of sediment samples from each of the four study sites confirms that 
the sediment at Site 2 (Fort Desoto) and Site 3 (Fred Howard Park) is mostly quartz sand; the sediment 
from Site 4 (Weeki Wachee, Springs Coast) contains quartz and a much higher proportion of calcareous 
material; and the sediment from Site 1 (KML) is almost entirely calcareous material.   
Analysis of 16 sediment samples provided by FWC-FWRI and several samples collected  during 
this study revealed that Archaias angulatus was present slightly offshore in the Springs Coast (Site 4) 
(mean = 1.6 g-1) but was not found at any of the sample locations closest to the Weeki Wachee River.  
There was minimal total abundance (mean = 2.3 x 10-2 g-1) and no live Archaias in samples from Site 3 
and no Archaias shells (live or dead) found in samples from Site 2.  Live Archaias were observed at Fred 
Howard Park (Site 3) but very infrequently and thus are unlikely to be found through random sediment 
sampling.  Data from Site 1 (not shown in the abundance maps) indicated high Archaias abundance in 
the Florida Keys.  Samples taken in three different seasons show concentrations of total Archaias per 
gram of sediment well above those of any site in the Springs Coast (mean = 22.6 g-1).  Details of the 
sediment analysis are listed in Appendix C.  
Figure 7 depicts foraminiferal abundance from sediment samples collected for this study and by 
FWRI in relation to five-year mean winter salinities.  No inference of the relation of Archaias abundance 
to seagrass density or winter temperatures within the Springs Coast were attempted, but maps of those 
environmental variables (Fig. 8) are included to enhance the visualization of this species’ distribution.   
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Figure 7.  Five-year mean winter salinity maps (2005–2009) with Archaias distributions overlain; sediment sample 
locations include those of FWC samples, as well as samples collected during this study.  The density of adult 
Archaias shells (live or dead) per gram of sediment is shown in (a) while the density of live adult Archaias is shown 
in (b).  Larger, darker circles represent greater density. Water-chemistry sampling sites are labeled, as well.  
Limestone substrata are shown by the dark gray pattern along the Springs Coast and Big Bend area of Florida and 
in some interior portions. 
a b 
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Figure 8.  Abundance of A. angulatus shells (specimens/g) from sediment samples shown over a) seagrass, and b) 
winter SST climatology (°C). Water sampling sites are also labeled.  Seagrass map layer includes portions of the 
state-wide layer compiled by FWC-FWRI (2011).  Temperature map layer from the NOAA GOM Data Atlas (Byrne et 
al., 2011). 
 
Carbonate system parameters 
Data from three seasons of diurnal sampling at four sites spanning roughly 4 degrees of latitude 
are summarized in Table 3 and presented in detail in Table 4a–c.  The greatest number of samples was 
taken in the third round (autumn) and the fewest in the first round (winter).  The ideal sampling 
schedule of two full days at each site could not be maintained in some cases due to inclement weather 
or travel logistics.  At the Keys site, sampling began during the afternoon and ended with a morning 
session on the third day for both the winter and spring sampling.  Both unfiltered and filtered samples 
were taken during the autumn sampling and the comparison of those values is shown in Appendix B.  
Results of the nutrient samples analyzed for the autumn sampling are presented in Table 5.  The 
nutrient concentrations at each of the four sampling sites were extremely low.  Adding these values to 
a b 
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the input conditions in CO2SYS for calculations of pH, fCO2 and the auxiliary data made no appreciable 
difference in the output values.  The errors associated with the measurements of TA and DIC exceed the 
influence of nutrient concentrations in most cases.  Nutrient samples were not collected in the winter 
and spring sampling; and, to maintain consistency, the nutrient values from autumn were not utilized in 
the calculations in CO2SYS.   
 
Table 3.  Summary of select parameters for each of the four sites over all three seasons.  Values are for sampling 
sessions lasting from 1–3 days within each season. 
 
  
mean min max range mean min max range mean min max range
Site 1, Long Key-KML
Temp 20.6 19.3 21.4 2.1 26.4 25.6 27.4 1.8 29.2 28.3 30.2 1.9
Salinity 37.3 37.0 37.5 0.5 36.9 36.5 37.0 0.5 39.0 39.0 39.0 0.0
TA 2634 2585 2690 105 2199 2174 2229 55 2134 2094 2200 106
DIC 2312 2250 2396 146 1848 1775 1932 157 1864 1760 2055 295
pH 8.07 8.02 8.10 0.08 8.10 8.00 8.18 0.18 7.90 7.65 8.03 0.38
fCO2 420 387 496 109 320 246 428 182 573 361 1080 719
TA/DIC 1.14 1.12 1.15 0.03 1.19 1.15 1.23 0.09 1.15 1.07 1.19 0.12
Ω arag 3.63 3.36 3.91 0.55 3.79 3.13 4.40 1.27 2.91 1.81 3.53 1.72
Site 2, Fort Desoto
Temp 22.2 21.4 23.1 1.7 29.5 27.4 31.4 4.0 26.5 25.1 28.2 3.1
Salinity 33.3 32.0 34.0 2.0 33.0 33.0 33.0 0.0 31.9 30.0 33.0 3.0
TA 2421 2374 2548 174 2523 2462 2589 127 2454 2404 2527 124
DIC 2152 2034 2304 270 2164 1976 2352 376 2059 1802 2179 377
pH 8.03 7.95 8.15 0.20 8.05 7.84 8.23 0.39 8.18 8.00 8.47 0.47
fCO2 447 309 537 228 497 246 800 554 317 116 485 369
TA/DIC 1.13 1.10 1.17 0.07 1.17 1.09 1.25 0.16 1.20 1.13 1.34 0.22
Ω arag 3.15 2.55 3.90 1.35 4.38 2.76 5.85 3.09 4.69 3.31 7.11 3.80
Site 3, Fred Howard Park
Temp 15.9 13.2 17.3 4.1 28.7 27.1 30.2 3.1 29.2 27.4 31.1 3.7
Salinity 25.0 23.0 26.0 3.0 31.9 31.5 32.0 0.5 29.8 29.0 30.0 1.0
TA 2676 2585 2740 155 2385 2354 2421 67 2347 2294 2393 99
DIC 2470 2384 2591 207 1843 1760 1914 155 2027 1884 2172 288
pH 8.09 8.03 8.15 0.12 8.36 8.28 8.45 0.16 8.07 7.89 8.23 0.33
fCO2 460 382 559 177 166 121 207 85 418 247 661 414
TA/DIC 1.08 1.06 1.10 0.04 1.30 1.24 1.35 0.11 1.16 1.10 1.22 0.12
Ω arag 2.67 2.08 3.02 0.94 6.34 5.33 7.34 2.01 3.96 2.82 5.08 2.26
Site 4, Weeki Wachee coastal
Temp 22.0 21.6 22.4 0.8 28.6 28.4 28.7 0.3 28.5 26.8 29.9 3.1
Salinity 15.5 15.0 16.0 1.0 24 24 24 0 20.8 17.0 24.0 7.0
TA 2896 2870 2921 51 2925 2919 2932 13 2709 2578 2879 301
DIC 2717 2644 2789 145 2463 2452 2474 22 2411 2304 2564 260
pH 8.06 7.97 8.16 0.19 8.28 8.27 8.30 0.04 8.14 8.09 8.20 0.11
fCO2 639 478 800 322 294 278 309 31 440 390 476 86
TA/DIC 1.07 1.05 1.09 0.04 1.19 1.18 1.20 0.02 1.12 1.12 1.14 0.02
Ω arag 2.78 2.21 3.35 1.14 6.31 6.07 6.54 0.47 4.24 3.69 4.75 1.06
Winter Spring Late Summer
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The highest values of TA were found at the Weeki Wachee coastal site for all three seasons.  
Even at offshore distances of 4–7 kilometers, the chemical signal of the spring water from Weeki 
Wachee River was strong:  2921 μmol/kg-sw in the winter, 2932 μmol/kg-sw in the spring and 2879 
μmol/kg-sw in the autumn.  For the spring and autumn sampling, high values for TA/DIC and saturation 
states were found at Weeki Wachee and the highest values were found at Fred Howard Park to the 
immediate south; both are areas of high seagrass coverage.  In the winter however, the saturation 
states and TA/DIC ratios were highest at the Keys-KML site.   
A focus of this study was to compare carbonate system parameters among the four sites as seen 
in Figures 9–11.  Across all four sites, TA generally was highest in the early morning and decreased 
throughout the day, as did DIC (see Figs. 9a, 9b, 10a, 10b, 11a, 11b).  Because DIC decreased more, 
relative to TA, the TA to DIC ratio increased throughout periods of daylight.  On 12 January 2015 at Site 3, 
however, there was a drop in both the TA to DIC ratio and saturation states from morning to afternoon 
due to increasing cloudiness and some rain throughout the day (see Table 4a).  This was the only such 
decrease in TA/DIC observed.  In the Weeki Wachee coastal area, in spring, an additional sample was 
taken much nearer to the river mouth than the sampling site due to engine trouble on the boat, which 
prevented a return in the afternoon to the original site.  The TA for this nearshore sample was 3227 
μmol/kg-sw.   
During the autumn, when sampling was performed over two full days, both TA and DIC 
appeared to be influenced more by the tide (reflected in the salinity values and also observed by 
direction of the current) than by calcification/dissolution and photosynthesis/respiration.  The TA 
increased from morning to afternoon as salinity decreased with ebbing tide.  Due to tidal movements, 
the DIC increased along with the TA whenever there was a decrease in salinity, but to a lessening degree 
throughout the day; thus, the ratio of TA to DIC still followed the typical pattern of increase from 
morning to afternoon.  The increase of TA and DIC throughout daylight hours can be seen clearly in the 
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detailed tables for the dates 9/21 and 9/22, 2015 (Table 4c, Site 4).  The physical aspect of tidal shifts on 
a river discharge high in TA, in this example, dominated the chemical processes of diurnally cycled 
photosynthesis and calcification.   
 
Table 4a–4c.  Carbonate system measurements from 3 seasons, 4 sites, at depths of 0.5–1.0 m; pH is on the Total 
Scale, [H+]T = [H+]F + [HSO4-].  The pH, fCO2 and saturation states (Ω) are calculated from TA and DIC using the 
CO2SYS software.   
 
   
Table 4a:  Winter 2014-2015
Date Time Site Temp. Salinity
TA       
(μmol/kg-sw)
DIC       
(μmol/kg-sw) pH
f CO2       
(μatm) TA/DIC Ω calcite Ω aragonite
12/16/2014 13:30 1 20.5 37 2604 2283 8.08 409 1.14 5.51 3.6
12/16/2014 14:40 1 21.1 37 2585 2250 8.09 387 1.15 5.73 3.74
12/17/2014 7:10 1 19.3 37 2632 2321 8.08 415 1.13 5.37 3.49
12/17/2014 8:40 1 19.4 37 no data 2334 null null null null null
12/17/2014 13:05 1 21.3 37.5 2651 2301 8.10 392 1.15 5.98 3.91
12/17/2014 14:55 1 21.4 37.5 2626 2288 8.08 405 1.15 5.78 3.78
12/18/2014 7:45 1 20.1 37.5 2653 2342 8.06 440 1.13 5.37 3.5
12/18/2014 9:30 1 20.5 37.5 2690 2396 8.02 496 1.12 5.14 3.36
1/3/2015 9:23 2 21.4 32 2548 2304 8.00 513 1.11 4.57 2.96
1/3/2015 10:47 2 21.4 33 2374 2160 7.95 537 1.10 3.93 2.55
1/3/2015 14:49 2 23.1 34 2385 2108 8.03 431 1.13 4.88 3.19
1/3/2015 15:38 2 22.9 34 2379 2034 8.15 309 1.17 5.96 3.9
1/11/2015 8:31 3 13.2 23 2740 2591 8.03 559 1.06 3.38 2.08
1/11/2015 10:42 3 14.6 23 2718 2534 8.09 474 1.07 4 2.47
1/11/2015 14:41 3 15.8 26 2657 2416 8.15 382 1.10 4.83 3.02
1/11/2015 16:07 3 16.1 26 2654 2416 8.14 390 1.10 4.8 3.01
1/12/2015 9:20 3 16.5 25 2704 2489 8.10 452 1.09 4.48 2.8
1/12/2015 10:42 3 17.3 25 2692 2478 8.09 467 1.09 4.46 2.79
1/12/2015 13:56 3 17.2 26 2655 2453 8.05 496 1.08 4.19 2.63
1/12/2015 15:44 3 16.4 26 2585 2384 8.07 458 1.08 4.12 2.58
1/4/2015 10:17 4 21.6 15 2921 2789 7.97 800 1.05 3.71 2.21
1/4/2015 16:32 4 22.4 16 2870 2644 8.16 478 1.09 5.57 3.35
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*No afternoon data for Site 4 in spring. 
 
Table 4b:  Spring 2015
Date Time Site Temp. Salinity
TA       
(μmol/kg-sw)
DIC        
(μmol/kg-sw) pH
f CO2       
(μatm) TA/DIC Ω calcite Ω aragonite
5/6/2015 17:19 1 26.3 36.5 2174 1808 8.13 283 1.20 5.92 3.92
5/6/2015 19:31 1 25.8 36.5 2174 1808 8.14 276 1.20 5.93 3.92
5/7/2015 9:10 1 25.7 37 2218 1932 8.00 428 1.15 4.72 3.13
5/7/2015 10:33 1 25.6 37 2218 1888 8.07 344 1.17 5.38 3.56
5/7/2015 11:35 1 25.9 37 2209 1869 8.09 329 1.18 5.53 3.66
5/7/2015 14:19 1 26.7 37 2194 1835 8.11 307 1.20 5.8 3.85
5/7/2015 15:48 1 27.3 37 2190 1810 8.13 285 1.21 6.11 4.07
5/7/2015 17:10 1 27.4 37 2186 1786 8.16 260 1.22 6.42 4.28
5/7/2015 19:00 1 27.4 37 2188 1775 8.18 246 1.23 6.61 4.4
5/8/2015 7:50 1 26.1 37 2229 1922 8.03 395 1.16 5.05 3.35
5/8/2015 9:20 1 26.6 37 2214 1891 8.05 369 1.17 5.28 3.5
5/20/2015 8:28 2 27.4 33 2589 2346 7.90 689 1.10 4.65 3.08
5/20/2015 9:28 2 27.8 33 2565 2352 7.84 800 1.09 4.16 2.76
5/20/2015 10:33 2 28.5 33 2586 2350 7.87 745 1.10 4.54 3.02
5/20/2015 17:10 2 31.4 33 2462 1980 8.21 258 1.24 8.57 5.74
5/20/2015 18:20 2 31.1 33 2468 1976 8.23 246 1.25 8.74 5.85
5/20/2015 19:18 2 30.9 33 2469 1980 8.23 247 1.25 8.7 5.82
5/15/2015 8:11 3 27.6 32 2410 1900 8.33 182 1.27 9.01 5.95
5/15/2015 9:16 3 28.2 32 2406 1914 8.30 200 1.26 8.72 5.77
5/15/2015 10:20 3 28.4 31.5 2399 1913 8.30 201 1.25 8.68 5.74
5/15/2015 17:20 3 30.1 32 2421 1803 8.42 133 1.34 10.9 7.26
5/15/2015 18:34 3 30.2 31.5 2402 1780 8.44 126 1.35 11.04 7.34
5/15/2015 20:04 3 29.4 31.5 2354 1766 8.42 132 1.33 10.36 6.87
5/16/2015 8:17 3 27.1 32 2355 1896 8.28 207 1.24 8.09 5.33
5/16/2015 9:24 3 27.3 32 2357 1889 8.29 201 1.25 8.24 5.43
5/16/2015 10:29 3 27.7 32 2372 1880 8.31 189 1.26 8.66 5.72
5/16/2015 16:05 3 29.3 32 2363 1815 8.36 158 1.30 9.63 6.39
5/16/2015 17:32 3 30 32 2397 1795 8.41 137 1.33 10.59 7.04
5/16/2015 18:42 3 29.5 32 2381 1760 8.45 121 1.35 10.89 7.23
5/13/2015 9:02 4 28.4 24 2919 2474 8.27 309 1.18 9.47 6.07
5/13/2015 10:40 4 28.7 24 2932 2452 8.30 278 1.20 10.19 6.54
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Table 4c:  Early Autumn 2015
Date Time Site Temp. Salinity
TA       
(μmol/kg-sw)
DIC       
(μmol/kg-sw) pH
f CO2       
(μatm) TA/DIC Ω calcite Ω aragonite
10/14/2015 8:27 1 28.6 39 2132 1889 7.87 581 1.13 3.94 2.64
10/14/2015 9:40 1 28.9 39 2107 1807 7.97 429 1.17 4.72 3.16
10/14/2015 10:58 1 29 39 2104 1789 8.00 397 1.18 4.95 3.32
10/14/2015 16:33 1 29.4 39 2097 1760 8.03 361 1.19 5.26 3.53
10/14/2015 17:46 1 30.2 39 2115 1831 7.92 491 1.16 4.53 3.05
10/14/2015 18:46 1 29.1 39 2094 1764 8.02 369 1.19 5.14 3.44
10/15/2015 8:22 1 28.3 39 2192 2042 7.67 1024 1.07 2.74 1.83
10/15/2015 9:42 1 28.9 39 2200 2055 7.65 1080 1.07 2.7 1.81
10/15/2015 16:36 1 30.2 39 2163 1842 7.98 429 1.17 5.11 3.44
10/4/2015 9:05 2 25.8 30 2470 2170 8.07 415 1.14 5.67 3.7
10/4/2015 10:41 2 26 32.5 2527 2156 8.14 341 1.17 6.73 4.43
10/4/2015 16:48 2 27 33 2416 1990 8.21 259 1.21 7.48 4.94
10/5/2015 8:01 2 25.8 32 2437 2165 8.00 485 1.13 5.04 3.31
10/5/2015 9:23 2 25.1 32 2475 2158 8.09 394 1.15 5.81 3.8
10/5/2015 10:31 2 26.2 32 2518 2179 8.10 388 1.16 6.22 4.09
10/5/2015 15:56 2 26.8 32.5 2422 1802 8.47 116 1.34 10.79 7.11
10/5/2015 17:25 2 27.5 31.5 2404 1947 8.27 220 1.23 8.16 5.38
10/5/2015 17:59 2 28.2 31.5 2420 1965 8.26 231 1.23 8.19 5.41
9/25/2015 8:22 3 27.5 30 2382 2094 8.04 436 1.14 5.43 3.56
9/25/2015 10:27 3 28.6 30 2365 2100 7.99 503 1.13 5.04 3.32
9/25/2015 16:37 3 30.3 30 2294 1914 8.16 292 1.20 6.99 4.63
9/25/2015 18:18 3 29.4 30 2296 1884 8.22 247 1.22 7.5 4.95
9/26/2015 8:02 3 27.4 30 2378 2158 7.92 612 1.10 4.29 2.82
9/26/2015 10:03 3 29.2 30 2393 2172 7.89 661 1.10 4.35 2.87
9/26/2015 16:41 3 31.1 29 2351 1994 8.12 344 1.18 6.77 4.48
9/26/2015 19:12 3 30.2 29 2313 1899 8.23 249 1.22 7.7 5.08
9/21/2015 9:05 4 27.7 20 2705 2423 8.13 450 1.12 6.42 4.01
9/21/2015 15:30 4 28.7 17 2879 2564 8.20 421 1.12 7.64 4.7
9/21/2015 16:43 4 29.9 20 2808 2495 8.14 458 1.13 7.25 4.57
9/21/2015 17:57 4 29 20 2758 2434 8.18 407 1.13 7.39 4.64
9/22/2015 8:15 4 26.8 24 2578 2304 8.09 454 1.12 5.79 3.69
9/22/2015 9:29 4 27.4 22.5 2587 2314 8.10 451 1.12 5.92 3.76
9/22/2015 10:25 4 28.3 22 2617 2345 8.09 476 1.12 5.99 3.8
9/22/2015 15:32 4 28.6 20 2738 2443 8.14 450 1.12 6.74 4.23
9/22/2015 16:35 4 28.8 20 2764 2432 8.19 390 1.14 7.57 4.75
9/22/2015 17:57 4 29.4 22 2654 2352 8.12 444 1.13 6.66 4.24
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Table 5.  Nutrient samples collected during the autumn sampling.  One sample was taken at the second sampling 
time of each morning and afternoon sampling session.  The limits of detection were reported as 0.03 and 0.07 
μmol/kg-sw for phosphate and silicate, respectively.   
 
   
Site Date AM/PM Phosphate (μmol/kg-sw) Silicate (μmol/kg-sw)
4    Weeki Wachee 21-Sep AM 0.40 -
21-Sep PM 0.40 2.68
22-Sep AM 0.37 1.01
22-Sep PM 0.50 2.41
3  Fred Howard Park 25-Sep AM 0.37 2.88
25-Sep PM 0.40 6.93
26-Sep AM 0.38 3.27
26-Sep PM 0.38 5.13
2      Fort Desoto 4-Oct AM 0.52 3.82
4-Oct PM 0.53 0.87
5-Oct AM 0.60 3.03
5-Oct PM 0.74 3.00
1    Long Key-KML 14-Oct AM 0.34 4.79
14-Oct PM 0.34 1.56
15-Oct AM 0.33 2.66
15-Oct PM 0.33 3.62
Diurnal Nutrient Sampling, Autumn 2015
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Figure 9.  Plots of the data from Table 4 compare diurnal variations among the four sites for each carbonate 
system parameter for the winter sampling (Dec. ’14 – Jan. ’15).  Sampling time of day is shown on the x-axis.  For 
the Keys Marine Laboratory site only, sampling began during an afternoon session (PM) and ended with a morning 
session (AM) spanning 3 days.  Other sites were sampled over one or two days, hence the staggered start and 
uneven length of the plotted markers.  Only two samples were collected at the Weeki Wachee site (one morning 
and one afternoon).  
1200 1800 Day2 0600 1200 1800 Day3 0600 1200 1800
2300
2400
2500
2600
2700
2800
2900
3000
Total Alkalinity:  Winter 2015, all 4 sites
Sampling time over 1~3 days, depending on site

m
o
l/
k
g
-s
w
 
 
Keys-KML
Fort Desoto
Fred Howard
Weeki Wachee
1200 1800 Day2 0600 1200 1800 Day3 0600 1200 1800
2000
2100
2200
2300
2400
2500
2600
2700
2800
Dissolved Inorganic Carbon:  Winter 2015, all 4 sites
Sampling time over 1~3 days, depending on site

m
o
l/
k
g
-s
w
 
 
Keys-KML
Fort Desoto
Fred Howard
Weeki Wachee
1200 1800 Day2 0600 1200 1800 Day3 0600 1200 1800
7.95
8
8.05
8.1
8.15
8.2
pH (Total scale):  Winter 2015, all 4 sites
Sampling time over 1~3 days, depending on site
p
H
 
 
Keys-KML
Fort Desoto
Fred Howard
Weeki Wachee
1200 1800 Day2 0600 1200 1800 Day3 0600 1200 1800
300
400
500
600
700
800
 fCO2:  Winter 2015, all 4 sites
Sampling time over 1~3 days, depending on site

a
tm
 
 
Keys-KML
Fort Desoto
Fred Howard
Weeki Wachee
1200 1800 Day2 0600 1200 1800 Day3 0600 1200 1800
1.04
1.06
1.08
1.1
1.12
1.14
1.16
1.18
1.2
TA/DIC ratio:  Winter 2015, all 4 sites
Sampling time over 1~3 days, depending on site
 
 
Keys-KML
Fort Desoto
Fred Howard
Weeki Wachee
1200 1800 Day2 0600 1200 1800 Day3 0600 1200 1800
2
2.5
3
3.5
4
Aragonite Saturation State :  Winter 2015, all 4 sites
Sampling time over 1~3 days, depending on site

 
 
Keys-KML
Fort Desoto
Fred Howard
Weeki Wachee
a b 
c d 
e f 
TA
/D
IC
 
31 
 
  
  
  
 
Figure 10.  Plots of the data from Table 4 compare diurnal variations among the four sites for each carbonate 
system parameter for the spring (May) 2015.  Sampling time of day is shown on the x-axis.  The Keys sampling 
began during a PM session and ended with an AM session.  More samples were taken within each session during 
this season than in winter, except from the Weeki Wachee site due to logistical issues.  
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Figure 11.  Plots of the data from Table 4 compare diurnal variations among the four sites for each carbonate 
system parameter for the autumn sampling (Sep. – Oct. ‘15).  Sampling time of day is shown on the x-axis.  All sites 
were sampled over two days beginning with a morning session and ending with an evening session on the second 
day.  Due to inclement weather, some sampling times are missing.  
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Total alkalinity end-members 
The diurnal variability at each site created a large range of TA with only a slight change or no 
change in salinity.  I determined the TA end-member contributions in individual seasons for each site.  
Due to a low number of data points for single seasons, I analyzed the collection of samples from the 
spring and autumn sampling together.  For sites 2–4, spring and autumn had similar mean TA and 
salinity as well as the range of TA and salinity.  Site 1, on the other hand, had differences between spring 
and autumn for the mean values of TA and salinity that produced erroneous results when combining the 
seasonal data.  The end-member contribution model (Eqn. 2) produced values of TA0 for Site 1 that were 
well within the standard error, indicating that the value of TA0 was zero in all seasons.  Due to the lack of 
freshwater input in the Middle Keys (Site 1), analysis of TA end-member contributions are only for sites 
2, 3 and 4 (Tables 6, 7; Fig. 12, 13).  Site 2 in the Fort Desoto lagoon, which is located at the mouth of 
Tampa Bay, has limited freshwater input.  Fred Howard Park is 3 km from the mouth of the Anclote River.  
The Weeki Wachee coastal sites sampled are from 4 to 7 km from the Weeki Wachee River mouth, and 
one additional sample was taken at 1.6 km from the river mouth.   
 
Table 6:  TA0, TAoce and statistical summary for the spring and autumn combined data set.  P-values are determined 
through 1000 random permutations of the observed F-ratio (Mean square regression/Mean square residual). 
 
 
 
The TA regressions are presented first on axes of the same scale and then on axes more 
appropriate to each site (Figs. 12 and 13, respectively).  Looking at the three sites with axes of the same 
Site TA
0 TAoce R
2
p-value
2   Fort Desoto 1691 ± 575 2498 ± 1820 0.40 0.656
3   Fred Howard 1822 ± 196 2387 ± 849 0.83 0.004
4   Weeki Wachee 3807 ± 293 2622 ± 770 0.94 0.001
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scale, there is a notable difference between the first three sites and the Weeki Wachee site; Weeki 
Wachee shows a much larger range of both salinity (S) and normalized TA.   
 
 
 
Figure 12:  TA x Soce/S versus 1/S for the combined spring and autumn sampling at three sites plotted on axes of 
equal dimensions.  Goodness of fit and estimates of TA0 along with standard errors are shown within each plot. 
 
 
As seen in the plots of TA vs. S (Fig. 14), the slope of the cluster of points for Fort Desoto and 
Fred Howard is positive while the slope for the cluster of points for Weeki Wachee is negative.  This plot 
reinforces the observation that TA increases with lower salinity in the Weeki Wachee coastal area, a 
pattern that is opposite the usual salinity-alkalinity relationship.   
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Figure 13:  TA x Soce/S versus 1/S for the combined spring and autumn sampling is shown with axes appropriate to 
each site.  Goodness of fit and estimates of TA0 along with standard errors are shown within each plot.  Equations 
for the regression lines are shown in Appendix D.   
 
For systems that are well described by Equation 1, it can be assumed that TA decreases to zero 
as salinity decreases to zero.  This method ignores additional contributions to TA, such as nonzero 
riverine or groundwater sources of TA0.  For systems where freshwater TA contributions may be 
substantial, the differences between predictions of TA (Eqn. 2) and TA’ (Eqn. 1) produce an index of 
riverine alkalinity (Yang et al., 2015a):  
ΔnTA = TA – TA’ 
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Therefore, the fractional contribution of riverine TA in a seawater sample is ΔnTA/TA.  In comparison to 
the other sites, there is a much greater contribution to TA from riverine sources in the Weeki Wachee 
coastal area (Table 6, 7; Fig. 14). 
 
Table 7:  Range and average ΔnTA for three sites from the spring and autumn combined data.   
 
 
 
 
 
Figure 14.  Plot of TA versus salinity for the three sites of the TA end-member analysis.  Simple dilution line 
representing end-member mixing with TA0 = 0 is shown by the blue dashed line.    
Site Range of ΔnTA Mean ΔnTA
2   Fort Desoto 0–153.7 34.17
3   Fred Howard 0–170.8 55.51
4   Weeki Wachee coastal 0–1428 506.4
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DISCUSSION 
 
Geologic influences 
Looking at the geological map of central west Florida (Fig. 4), the underlying substrata present a 
plausible explanation for elevated levels of alkalinity and high saturation states.  In the Springs Coast, 
spring-fed rivers emerge from a limestone aquifer and flow over limestone surfaces left largely exposed 
as they were bypassed by the siliciclastic invasion (~30 Ma to Present) (Hine, 2013).  The lithology of the 
shoreline is divided between Eocene and Oligocene limestone right at the mouth of the Weeki Wachee 
River.  This is in contrast to the lithology of the adjacent coastal region to the south, which is 
predominantly Miocene muds and quartz sands with the exception of the localized region of Fred 
Howard Park and the immediate surrounding shoreline.   
The four study sites present distinct lithological and sedimentary provinces including Paleogene 
carbonates in the Springs Coast, clastics in central west Florida and Quaternary biogenic carbonates in 
Florida Bay.  The inshore assemblages of A. angulatus mirror these distinctive facies as these 
foraminifers are moderately abundant in the Springs Coast, rare at Fred Howard Park, absent at Fort 
Desoto and very abundant in Florida Bay.  Comparing the two study areas where A. angulatus are 
common, the TA, pH and Ω in the Springs Coast were higher in spring and autumn, but the KML site in 
Florida Bay, where the sediment is purely calcareous and the average temperatures are warmer, had 
higher saturation states in winter.  Within the scope of this study, I was unable to examine portions of 
the southwest coast of Florida between Sarasota and Naples that are predominantly limestone at the 
surface.  However, previous studies showed (e.g., Bandy, 1956) that A. angulatus dominates the 
foraminiferal assemblages beyond the immediate coastal zone, as they do in the waters of the Springs 
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Coast.  The geographical presentation of Archaias facies in Poag (2015) created from these studies 
highlights the connection between carbonate surface lithologies and areas where A. angulatus is the 
predominant species of foraminifera.  Archaias angulatus was not found in the lagoons of Fort Desoto 
and is rare to absent along the chain of barrier islands between Fred Howard Park and Fort Desoto, an 
area covered predominantly with siliciclastic sand and clay, and with a lower percentage of calcium 
carbonate sediment, mostly molluscan in origin.   
 
Indications from sediment samples 
The number of samples examined from the Weeki Wachee coastal area is small (n = 21), but 
some patterns can be seen.  The three sites with highest abundance of A. angulatus tests are offshore 
from the Weeki Wachee River mouth and follow a southward trend (see Fig. 7a).  These sites occur in 
the zone designated by NOAA satellite data as Upper Polyhaline (S = 25–30); however, direct water 
sampling in winter, spring and autumn revealed that salinity can be even lower in that area (S = 15–24).  
Nevertheless, the greatest abundance of live Archaias was found furthest offshore (FWC Site 158) in the 
Euhaline zone (S > 30), where the number of live Archaias per gram of sediment (1.15) was more than 
double that of the next most abundant site (see Fig. 7b).  Furthermore, 18 out of the 22 specimens 
found in this sample were live (82%), and all tests recovered from this sample were in good condition 
with no dissolution or breakage.  The site with the second highest number of live Archaias per gram of 
sediment (0.48) and a fairly high percentage of live specimens among the total (33% of the Archaias 
assemblage) was FWC Site 61, which is one of the nearest to shore among the sites sampled.   
Archaias angulatus in the Springs Coast appear to benefit from the carbonate-spring discharge, 
even to the point of thriving at reduced salinities.  Given the predictions for climate change, the 
northern location of the Springs Coast will likely become a positive factor.  As global sea temperatures 
warm, conditions in shallow areas that are currently ideal environments, such as Florida Bay, might 
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exert greater stress on A. angulatus in the summer than areas such as the Springs Coast do in winter.  
This prediction is supported by temperature tolerances experimentally determined by Toomey (2013), 
who found that A. angulatus could survive extended exposure to temperatures as low as 4 °C but is 
consistently sensitive to temperatures >31 °C. 
 
Habitat and hydrogeological influences on oceanic carbonate parameters 
The minimal presence of quartz sand and the hydrogeology of the Springs Coast provide a 
setting for organisms to readily calcify.  The depth, water clarity and seagrass abundance combine to 
create suitable habitat for A. angulatus to thrive.  In the Springs Coast, the TA was highest and the 
calcium carbonate saturation states were above average among the four study sites.  All of these factors 
likely contribute to the strong presence of A. angulatus in this region.   
The Springs Coast study site has a combination of depth, water clarity, light intensity, seagrass 
coverage, temperature, salinity and alkalinity that creates excellent habitat for calcifying organisms such 
as A. angulatus.  By comparison to the Tampa Bay region, the Springs Coast area has a much more 
gradual shelf slope that has allowed seagrasses to grow over a very large portion of the inner shelf.  The 
broad, gradual slope and the seagrass growing there attenuate wave action and reduce turbidity.  
Nutrient concentrations are low and there is limited CDOM flux as seasonal flooding is minimal or non-
existent in most of the spring rivers (Yobbi & Knochenmus, 1989).  The abundance of seagrass provides 
attachment surfaces as well as shade for the highly mobile (by foraminiferal standards) Archaias to 
avoid light stress.  The temperature of the inshore area is somewhat moderated by the springs, which 
discharge water at a constant ~22 °C throughout the year.  At locations near the Weeki Wachee and 
Anclote rivers, the mean seawater temperatures for January–March (2000–2004) were 17.5 °C (Anclote) 
and 18 °C (Weeki Wachee), respectively (SWFWMD Water Management Information System Data 
Warehouse).  Despite the northern location, the Weeki Wachee nearshore waters were as warm as, or 
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warmer than, Anclote to the south.  The A. angulatus abundances (Fig. 7) indicate that lower salinities 
are tolerable where the alkalinity is high.  In addition, the ecological setting of the Springs Coast is nearly 
pristine.  Some springs are polluted but most are not; and, by comparison, the extensive system of 
manmade canals that empties into Florida Bay is largely absent in the Springs Coast. 
 
Riverine alkalinity contribution  
Total alkalinity end-members 
Analysis of small data sets over multiple seasons created challenges in assessing the nonzero 
riverine alkalinity contribution.  The low resolution of the refractometer produced homogeneity at times 
in the salinity data, and the diurnal variability of the CO2-carbonate system further complicated 
predictions of TA end-members.  However, the combined samples from the spring and autumn sampling 
provided a fairly robust description of the TA end-member contributions.   
Tidal fluxes in the Weeki Wachee coastal area can exert greater control on TA than diurnal 
trends, due to the strong influence of the river.  A very large freshwater discharge in the region reduces 
the nearshore salinity and lowers the pH.  Groundwater is a major factor in this area.  As Yobbi and 
Knochenmus (1989) note, “springs and seeps discharge more than a billion gallons of water per day 
[43.8 m3 s-1] from the aquifer to rivers, swamps, and estuarine marshes that eventually flow to the Gulf 
of Mexico.”  The combined discharge of the Weeki, Crystal and Withlacoochee rivers was given by Yobbi 
& Knochenmus (1989) as 65.13 m3 s-1.  At the other three study sites, diurnal variation related to 
photosynthesis and calcification was the dominant factor influencing TA values with additional smaller 
trends related to tidal movements or cloudy weather.  As TA is very high in the river, it seems likely that 
Weeki Wachee (Site 4) would show a stronger relationship between TA and salinity than the other sites.   
Despite very few data points in winter and spring, only the Weeki Wachee site exhibited a 
uniform pattern of higher TA with lower salinity across three seasons.  Moreover, the predicted TA0 was 
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quite consistent across three seasons (3707 ± 18).  The magnitude of this value is in line with 
observations from field samples, which show increasing values towards shore, with the highest observed 
value of 3227 μmol/kg (S = 15) found near the river mouth (1.6 km offshore).  Within individual seasons, 
the predicted TA0 values at Site 4 consistently had less standard error than values predicted for other 
sites:   3679 ± 123 in winter, 3731 ± 18 in spring, and 3710 ± 118 in autumn.  Though, with a low number 
of observations and coarse resolution of the salinity, individual plots for winter, spring, and autumn are 
not presented for any site.  The results of this model for individual seasons were not robust for any site 
except Weeki Wachee, as indicated by low R2 and high p-values (not presented).   
The TA–salinity model (Eqn. 3) is best used via a transect of sampling points from a riverine 
source to a location offshore, as was done for most of the sites discussed in Yang et al. (2015a).  My 
sampling focused on specific sites within nearshore areas that show salinity fluctuations due to tidal 
movements, as well as changes in TA related to tidal and diurnal cycles.  Thus, the results should be 
viewed conservatively despite their statistical significance.  Of the four study areas, the Weeki Wachee 
coastal sampling was best for the application of the Equation 3 model because the sampling site was 
moved further offshore with each season, producing observations along a transect.  Also, large swings in 
salinity related to tidal influences created greater heterogeneity in the salinity data, which produced a 
more robust regression model.   
Salinity normalization of TA (or DIC) by the conventional method (i.e., Eqn. 1) is inappropriate 
when making comparisons among sites that include nonzero riverine end-members (TA0) and, 
particularly, for sites near carbonate spring-fed rivers.  By the conventional normalization method, the 
TA value for a nearshore sample from Weeki Wachee would be 7531 μmol/kg when normalized to a 
salinity of 35.  This value is misleading.  The TA does not increase with salinity in the Weeki Wachee 
coastal area.  Instead, it increases towards shore with decreasing salinity.  Additionally, the magnitude of 
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ΔnTA is strongly negatively correlated to the tidal stage (r=-0.86, p=0.001), as seen in Figure 15.  The 
negative correlation demonstrates the connection between riverine discharge and high TA.   
 
 
Figure 15.  Plots of ΔnTA versus tide stage (NOAA) for the Weeki Wachee coastal area (spring and autumn).  MLLW 
is Mean Lower Low Water. 
 
Validation of the end-member model 
Total Alkalinity end-member calculations predict a value of 3807 μmol/kg (combined spring and 
autumn sampling) for the Weeki Wachee composite freshwater end-member.  Supplementary 
measurements of total alkalinity were taken after performing the TA end-member analysis in order to 
determine the validity of the predictions; the precision of these samples was greater than that of 
previous rounds of sampling.  During an extremely high tide, the salinity just outside the mouth of the 
river was 15 and the alkalinity was 3114.0 ± 0.5 μmol/kg.  The TA in the Weeki Wachee River roughly 3 
km from the river mouth was 3035.5 ± 0.5 μmol/kg (S = 0.5).  The predicted TA0 value of 3807 μmol/kg 
seems high; based on available measurements, the mixing zone beyond the mouth of the river exhibits 
the highest TA, but it is unclear what the maximum TA value might be.  Samples should also be taken at 
low tide to help resolve the magnitude of TA in the mixing zone.  
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Watershed effects on carbonate alkalinity  
When comparing multiple regions, the riverine input and river substrate must be considered in 
the relationship between salinity and alkalinity.   Alkalinity increases with salinity under typical oceanic 
conditions yet, as discussed for the Weeki Wachee area, the opposite can be true.  An overlay of the 
watershed divisions in west Florida onto a map of lithological designations (Fig. 16) demonstrates 
geographic connections between high alkalinity and limestone substrata.  Limestone surface lithology 
dominates the coastal areas of the Springs Coast watershed and the Southern Coastal watershed.   
 
Figure 16.  The major watersheds for central west Florida shown in relation to predominantly limestone substrata 
(black areas).  There is a divergence between the Springs Coast watershed and the Tampa Bay/Anclote watershed 
roughly at the lithological boundary between Oligocene limestone and Holocene clay and beach sand.  Watershed 
map imagery:  https://www.swfwmd.state.fl.us/education/watersheds/. 
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Riverine source and abundance of A. angulatus 
For the combined spring and autumn sampling analysis (nearest site is 1.6 km from the river 
mouth; S=15), the specific contribution to TA from the river source along a path of increasing salinity 
and distance from the river mouth had a range of 1428 to 0.0 μmol/kg.  The locations of greatest 
abundance of A. angulatus (Fig. 7a) are found along what is conceivably the flow path of the Weeki 
Wachee riverine outflow across the inner shelf; however, more definitive information is needed on the 
estimated yearly-averaged path of the Weeki Wachee River discharge, and more sediment samples 
should be analyzed for abundance of A. angulatus to accurately relate the river discharge and 
foraminiferal abundance.  Seasonal differences in the wind and current patterns occur in this area, with 
a predominantly northward current during late fall and winter and southward current during the 
remainder of the year (Wetterhall, 1964; Jordan, 1973; Liu & Weisberg, 2012).   
 
Biogeochemical processes   
Conventionally normalized TA and DIC 
A graphical approach can be used to plot salinity-normalized TA (nTA) versus salinity-normalized 
DIC (nDIC) (Deffeyes, 1965; Suzuki & Kawahata, 2003) to examine the biogeochemical processes 
affecting changes in TA and DIC.  In plots of nTA and nDIC, a least-squares regression line with a steeper 
slope indicates greater influences of calcification/dissolution on a particular system, while a regression 
line with a slope close to zero indicates that a system is more influenced by photosynthesis/respiration.  
A system affected purely by calcification/dissolution is represented by a line with a slope of 2 (Suzuki & 
Kawahata, 2003; Yates et al., 2014; Muehllehner et al., 2016).  Likewise, a slightly negative slope 
represents a system dominated by photosynthesis/respiration (Fig. 17).  From the C:N:P ratio (550:30:1) 
of benthic marine macroalgae and seagrasses on coral reefs, as reported by Atkinson and Smith (1983), 
the slope of a line representing the theoretical impacts of photosynthesis and respiration is -0.06. 
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Figure 17.  Three seasons of salinity normalized TA and DIC are plotted with linear regressions for each of the four 
study sites except Weeki Wachee, which was sampled only twice in each the winter and spring (see Table 8 for r2 
values).  Sites are normalized to the maximum salinity for each site in each season.  The dashed lines represent 
theoretical impacts of calcification (C), dissolution (D), photosynthesis (P) and respiration (R).  The solid line 
represents CO2 uptake (CU) and release (CR) by the seawater.   
 
Plotted on axes of equal dimensions, it is easy to see that the Weeki Wachee site exhibits a 
steep curve, even in early autumn, while the KML and Fred Howard sites exhibit the strong impact of 
calcification/dissolution only in winter.  The impact of photosynthesis/respiration is especially 
pronounced at Fred Howard Park in spring and is likely related to abundant seagrass in the area and the 
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timing of sampling in relation to spring productivity.  The Fort Desoto site shows the most consistent 
balance between calcification and photosynthesis in every season.  
It is difficult to make a conclusive analysis of the Weeki Wachee site across seasons due to the 
low number of samples for winter and spring; also, the shifting of the sampling site farther offshore may 
result in a slightly different connection between TA and DIC.  Only two data points existed for winter and 
for spring for the Weeki Wachee site, and therefore a regression analysis was not performed for those 
seasons.  Looking solely at autumn, the regression line for Weeki Wachee implies much stronger impacts 
from the processes of calcification and dissolution than the other study sites.  The water flowing into the 
gulf from the Weeki Wachee River and nearby streams and springs is high in TA and DIC, as well as fCO2, 
and the pH is generally lower in the river than in the coastal waters.  Despite large amounts of seagrass 
and other benthic fauna, calcification exceeds photosynthesis in this coastal area.  Likewise, dissolution 
exceeds respiration.    
The relationships discussed above are quantitatively described by NCC:NCP ratios.  Net 
Community Calcification (NCC) and Net Community Production (NCP) have been used to quantify the 
changes in seawater carbonate chemistry between reefs and a corresponding offshore oceanic end-
member (e.g., Suzuki & Kawahata, 2003; Muehllehner et al., 2016).  Net Community Calcification, as the 
name implies, measures net CaCO3 production (calcification minus dissolution).  Net Community 
Production measures changes in DIC while taking into account NCC and gas exchange.  Muehllehner et al. 
(2016) thoroughly describe these variables and offer equations for their calculation provided that the 
seawater density, water depth, water residence time, and the CO2 gas exchange flux are known for a 
given site, as well as the offshore oceanic end-member.   
Linear regressions for individual season samplings can also be plotted in relation to the mean 
nTA and nDIC for each study site, as seen in Figure 17 (see Yates et al., 2014).  The ratio of NCC to NCP 
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can be determined from the slope of the individual regressions through the use of an equation derived 
by Suzuki et al. (2003) that relates the slope of the ΔnTA–ΔnDIC relationship to the NCC:NCP ratio:  
 
𝑁𝐶𝐶
𝑁𝐶𝑃
=
1
( 2𝑚−1)
    (4) 
The units for both NCC and NCP are mmol CaCO3 m-2d-1.  A list of NCC:NCP ratios for each sampling and 
the respective r2 values of their linear regressions are shown in Table 8.  Moderate to strong (r2 > 0.5) 
relationships between nTA and nDIC for seven of ten samplings bolsters confidence in the assessment 
but indicates the study could benefit from a greater number of samples.  The value of NCC:NCP among 
the study sites ranged from 0.18 to 2.39 and was generally highest in winter.  Fort Desoto did not follow 
that trend and was fairly similar among three seasons, although, the winter regression line only 
explained a very low percentage of the relationship.  Weeki Wachee had the highest autumn ratio, and 
the slope of the line of the two samples from winter (not shown) indicates an even greater NCC:NCP 
ratio than the autumn.   
 
Table 8.  NCC : NCP ratios for study sites over three seasons.  An r2 value of 0.5 was used as a threshold of 
significance, thus the NCC : NCP ratio was not computed for values that are not significant.  
 
  
Date Site Season NCC : NCP Slope r
2
Dec 2014 1   KML Winter 0.70 0.82 0.89
May 2015 1   KML Spring 0.25 0.40 0.71
Oct 2015 1   KML Autumn 0.21 0.35 0.88
Jan 2015 2   Fort Desoto Winter NA 0.19 0.06
May 2015 2   Fort Desoto Spring 0.18 0.31 0.98
Oct 2015 2   Fort Desoto Autumn NA 0.32 0.29
Jan 2015 3   Fred Howard Winter 2.39 1.41 0.95
May 2015 3   Fred Howard Spring NA 0.12 0.07
Sep 2015 3   Fred Howard Autumn 0.27 0.43 0.93
Sep 2015 4   Weeki Wachee Autumn 1.20 1.09 0.88
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End-member normalized TA and DIC 
In addition to conventional salinity normalization methods, plots accounting for nonzero TA0 
and DIC0 end-member contributions to nTA and nDIC are shown for the autumn sampling (Fig. 18).  
Normalizing the TA and DIC based on non-zero end-members (Eqn. 2) produced similar regression slopes 
but sometimes different plotted points than normalizing by the conventional method (Eqn. 1).  The error 
associated with not accounting for an end-member in an environment such as Weeki Wachee is seen by 
the difference in range of the plotted points (units are μmol/kg-sw):  ~2050–2600 versus ~2600–3100 
for TA and ~1800–2300 versus 2300–2700 for DIC.  The end-member normalization is more accurate for 
the Weeki Wachee coastal area.  This difference in ranges may have a significant effect on vector plots 
which compare sampling points to an offshore oceanic end-member (e.g., Muehllehner et al., 2016).  
Considering that a typical offshore end-member (nTA = 2400 and nDIC = 2100 μmol/kg-sw) is lower than 
the coastal values seen in the Weeki Wachee area, a vector plot corrected for end-member contribution 
would occur in the upper right quadrant of a plot of nTA versus nDIC (see Muehllehner et al., 2016), the 
quadrant which represents negative NCC and negative NCP.  This would indicate an unhealthy 
environment for calcifying organisms, but this does not seem to be the case in the Weeki Wachee area.  
Decreasing TA and DIC with distance from shore produce results that do not conform to the usual 
pattern seen in salinity-normalized plots and thus create problems in comparing the sampling regression 
lines to an oceanic end-member.   
Plotting the four study sites for the autumn sampling together provides an interesting look at 
the difference in their slopes and allows for easier comparison of inconsistencies between the 
conventional normalization and end-member normalization.  As discussed earlier, Site 1 (Keys-KML) was 
assumed to have zero riverine contribution (TA0 = 0).  The TA0 values for sites 2, 3 and 4 presented in the 
section on riverine end-member contributions were modified slightly for this analysis of normalized TA 
versus DIC.  The TA0 calculated for Site 2 (Fort Desoto) in this study was statistically insignificant and, 
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considering the limited sources of freshwater input to the Fort Desoto lagoon, seems to be an 
overestimation; the value calculated by Yang et al. (2015a) for the Tampa transect was chosen instead 
(TA0 = 616 ± 130).  Samples from within the Weeki Wachee River and near the mouth of the river 
indicate that the TA0 for Site 4 (TA0 = 3807 ± 293) also seems to be an overestimation and, therefore, the 
value at the lower end of the standard error was chosen.  The predicted value of TA0 for Site 3 (Fred 
Howard Park) was not determined to be an overestimation, so the predicted value was used (TA0 = 1822 
± 196).  
The DIC end-member models for most of the study sites were not statistically significant, and so 
the DIC end-member values (i.e., DIC0) were computed as a ratio of the TA and DIC end-members 
(TA0/DIC0).  The mean TA/DIC ratio of spring and autumn (1.189) was used, and thus, the DIC° for each 
site was derived by dividing the TA0 by 1.189 to obtain the DIC0 values.   
 
 
 
Figure 18.  Normalized TA versus DIC by two different methods:  conventional (a) and end-member (b).  Sites are 
normalized to the maximum salinity for each site in both methods.  These plots highlight the large difference in 
slope between Weeki Wachee and the other sites.  Also, note the different values of the plotted points along the 
Weeki Wachee regression lines.  
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Tidal influences on semi-conservative and non-conservative properties of the carbonate system  
Dissolved Inorganic Carbon (non-conservative) typically has a broader diurnal range than Total 
Alkalinity (semi-conservative) and this characteristic seemed to produce more erratic results in DIC end-
member normalizations.  Looking at all four sites in all seasons (see Appendix E), the average sampling 
range in TA was 115 μmol/kg-sw.  The average sampling range in DIC was 225 μmol/kg-sw.  Looking at 
the ratio of sampling DIC ranges to TA ranges (ΔDIC/ΔTA), the ratio is as low as 0.86 and as high as 3.04 
(Weeki Wachee and Fort Desoto, respectively).  Interestingly, Weeki Wachee (in autumn) was the only 
site where the ΔDIC was smaller than the ΔTA.  The ratio of individual diurnal ranges at Weeki Wachee 
in autumn followed the same pattern, as well:  a ΔDIC/ΔTA ratio of 0.81 on the first day and 0.75 on the 
second.  A possible explanation for the low ratio of ΔDIC to ΔTA follows.   
In the Weeki Wachee coastal area, water flowing out of the river is higher in DIC and the pH is 
lower than that of the coastal waters; this condition equates to high concentrations of CO2(aq).  The river 
water mixes with coastal waters of lower [CO2(aq)].  Incoming tides of lower DIC and higher pH (relative 
to the riverine outflow) decrease the DIC, while outgoing tides of higher DIC and lower pH increase the 
DIC in the mixing zone.  The [CO2(aq)] is the most variable of the DIC constituents.  The Springs Coast 
exhibits a diurnal tidal cycle, and the high tide and low tide within a single 12-hour period (i.e., daylight 
sampling hours) can counter each other in a way that reduces the change in DIC (ΔDIC) relative to the 
change in TA (ΔTA).  In the particular situation seen during the two days of autumn sampling, an 
afternoon ebbing tide caused an increase in both DIC and TA.  However, as the tide was shifting from 
high to low throughout the daylight hours, photosynthesis was simultaneously decreasing the [CO2(aq)] 
portion of the DIC and slightly increasing the TA.  Thus, photosynthesis countered the increase in DIC, 
thereby reducing the ΔDIC during that day.  Regarding TA, though, photosynthesis causes a slight 
increase throughout the day which accentuated the ΔTA during the daylight hours. 
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Potential discrepancies associated with calculated carbonate saturation states  
The high alkalinity contributed by the Weeki Wachee River results in a TA-salinity relationship 
that seems to explain the comparably high Ω in the area despite lower TA to DIC ratios.  The data from 
spring, for example, shows Ω values in the morning at Site 4 (Weeki Wachee) that are higher than those 
of Site 3 (Fred Howard Park) and much higher than those of Site 2 (Fort Desoto) or 1 (Keys-KML) (see 
Table 4b).  The mean Ω for autumn is the second highest at Site 4, while its TA/DIC is the lowest (Table 3 
and Fig. 19).  The difference in the pattern of Ω as related to TA/DIC can be seen in the graphs of mean 
TA/DIC and mean Ω (Fig. 19c, d).  The TA to DIC ratio reflects the availability of ions needed for 
calcification and similarly the relative proportion of [CO32-] to [CO2(aq)].  Thus, pH and Ω are regulated by 
this ratio.  However, salinity also has a large effect on saturation states.  The thermodynamic solubility 
product constant (Ksp) for calcite and aragonite is strongly determined by salinity—much more so than 
by temperature, for example (Plummer & Busenberg, 1982; Mucci, 1983 in Pilson, 2013).  In the lower 
salinity waters of the Weeki Wachee coastal area, the magnitude of Ω(calcite) and Ω(aragonite) should be 
slightly higher than that predicted by programs like CO2SYS because the [Ca2+] found in Weeki Wachee 
Springs and nearby Salt Spring is high (Yobbi & Knochenmus, 1989) and, therefore, the [Ca2+] in the 
mixing zone should be proportionally higher for a given salinity than the predicted concentration based 
on typical salinity scaling in which [Ca2+] reduces to zero at zero salinity.   
The inshore areas of the Springs Coast have low salinity and high carbonate alkalinity (CA = 
[HCO3-]T + 2[CO32-] T, the subscript T denotes total ionic concentration as opposed to free ionic 
concentration denoted by the subscript F) from the output of rivers and springs exiting the karst 
topography.  At lower salinity, there is less competition for the carbonate ion (higher free concentration, 
[CO32-]F) resulting in even higher carbonate ion activity in comparison to locations of normal salinity.  The 
continuous input of carbonate alkalinity from the coastal rivers, springs, and seeps likely benefits 
calcifying organisms.  Exploratory samples taken in August 2014 near Pine Island (slightly to the north 
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and removed from the direct effects of the Weeki Wachee River) echo findings of high TA despite low 
salinity.  The trend for these two samples, however, shows increasing TA with increasing salinity (2663 
μmol/kg, S=11; 3070 μmol/kg, S=19).   
 
 
 
Figure 19.  Comparison of mean TA, pH, TA/DIC and Ω(aragonite) for all four sites over three seasons.   
 
New hypothesis from anomalous Salinity – TA relationship  
In the Springs Coast, high levels of dissolved CaCO3 in groundwater and riverine sources result in 
elevated concentrations of calcium and carbonate in the inshore waters, and temperatures moderated 
by spring-fed outflow also bolster the saturation state in winter.  At the conditions of the Springs Coast, 
low salinity does not result in reduced Ω(aragonite) because the Ksp  reduces proportionally to the [Ca2+], 
according to the conventional calculation method by Mucci (1983), and the [CO32-] is elevated at lower 
Mean TA 
Mean TA/DIC 
Mean Ω(aragonite) 
Mean pH 
a 
b 
c 
d
` 
53 
 
salinity, as shown by this study.  Rearranging the equation for the definition of Ω demonstrates the 
relationship; nearly proportional changes in [Ca2+] and Ksp for changes in salinity (as shown by Mucci’s 
method) do not alter the saturation state, and Ω rises and falls with [CO32-]: 
𝛺
[𝐶𝑂3
2−]
=  
[𝐶𝑎2+]
𝐾𝑠𝑝
   (5) 
Furthermore, in the lower salinity waters of the Springs Coast, the [Ca2+] should be even greater than 
the predicted concentrations from the conventional method by an amount proportional to the [Ca2+] in 
solution.  The increase in [CO32-] from the water transported out of a dissolving limestone aquifer would 
also be accompanied by an increase in [Ca2+], making its concentration higher relative to the 
concentration predicted by a typical scale of decreasing [Ca2+] with decreasing salinity.  The ratio of TA 
to DIC in the nearshore waters ultimately determines the Ω by determining how much of the carbonate 
alkalinity exists as [HCO3-] and how much exists as [CO32-].   
The Springs Coast harbors abundant populations of A. angulatus.  The highest abundance lies 
roughly in the middle distances from shore and appears to follow what may be the flow path of riverine 
discharge regulated by oceanic currents.  The discovery of A. angulatus living at low salinity highlights 
the need for better definition of the environmental requirements of this species and generates a new 
hypothesis:     
Observing that the high TA and Ω of nearshore waters seems to negate the typical requirement 
for high salinity, could the previously assumed salinity requirements of Archaias angulatus be 
more strongly associated with a requirement for carbonate alkalinity (CA)?  
Archaias selectively uptake Ca2+ and CO32- and, by default, a certain amount of Mg2+.  At salinities of ~20, 
the [Ca2+]T and [Mg2+]T are still much higher than that of [CO32-]T.  With high [CO32-]T  provided from 
riverine input (and likely even higher [CO32-]F , proportionally, by comparison to conditions of normal 
seawater salinity), the organism can readily calcify.  The anomalous relationship between salinity and 
alkalinity that exists in the Springs Coast seemingly should be found in other coastal provinces that are 
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predominantly carbonate.  Dufore (2012) also reported very high TA in nearshore waters of low salinity 
in the upper northeast corner of Florida Bay, where freshwater flows through Holocene sands to the bay 
from a nearby region of Pleistocene limestone.   
 
Carbonate system variability 
Comparisons are complicated by a greater difference between sampling depth and bottom 
depth at coastal Weeki Wachee sites relative to the other sites.  The depth at the spring and autumn 
sampling site was nearly four times that of Fort Desoto at low tide, for example.  When water samples 
are taken in proximity to the seagrass in very shallow water (Fort Desoto) versus two meters or more 
above the seagrass (Weeki Wachee), comparisons should be made with caution.  The volume of the 
water column, and consequently the water-mass residence time, is very different at the Fort Desoto and 
Weeki Wachee sites; therefore, the drawdown in CO2 by seagrass should be different.  In most cases, 
water samples from Weeki Wachee were drawn much further from the seagrass than other sites, and 
the peaks seen in TA/DIC, pH and Ω at other sites may be due to drawing the samples from such close 
proximity to the blades of seagrass.  A comparison of the data from the surface and from 2.5 meters 
(Weeki Wachee only, n=4), however, indicates there is not a large difference in carbonate system values 
from the surface to bottom, suggesting the water column is well mixed.  Two of the four bottom 
samples had slightly higher TA/DIC than the surface and two had slightly lower, averaging out to a 
positive difference at the 2.5 m depth of 0.0004.  Few samples were taken near the bottom, and a larger 
study of carbonate system parameters at increasing proximity to the seagrass is warranted; of particular 
interest is the difference that may result from measurements taken very near the seagrass blades.  This 
discrepancy of depths among the study sites means that the values from Weeki Wachee are 
conservative; if sampled in close proximity to the seagrass, the TA/DIC, pH and Ω might be higher. 
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Other factors such as temperature and cloud cover also played a role in the variability within the 
diurnal cycle and thereby differences among sites when comparing small data sets (i.e., 1 or 2 days of 
sampling within each season).  For example, the mean TA/DIC and Ω were highest at Fort Desoto in the 
autumn.  Comparing Fort Desoto and Fred Howard Park, the temperatures were considerably cooler and 
the afternoon was considerably more overcast at Fred Howard—both factors decrease the TA to DIC 
ratio and the Ω.  Comparing Fort Desoto and Weeki Wachee, the distance of the water sample from the 
seagrass might account for differences in the magnitude of carbonate parameters.  For the KML site in 
Florida Bay, high rates of calcification by numerous calcifying organisms might explain the generally low 
TA/DIC and Ω in the spring and autumn.  KML has the highest values in winter and this may be due to 
seasonal dissolution of the abundant calcareous material that comprises the sediment.   
The pH plots from the autumn data set (Fig. 11c) for each of the sites do not show large 
variation with the exception of a very high pH excursion during one afternoon at Fort Desoto and a very 
low pH excursion during one morning at the Keys site.  For the brief time during which the high pH at 
Fort Desoto was recorded (the highest pH seen in the entire study), there was very little wind or current, 
the water was shallow (1.2 m), and the sunlight was very intense.  These factors combined to increase 
water-mass residence time allowing for more drawdown of [CO2(aq)] through intense photosynthesis by 
the dense seagrass at this particular site.  In contrast, the low pH at the Keys site during the second 
morning of the autumn sampling might be associated with anecdotal reports (scientific staff, Keys 
Marine Lab) of seagrass die-offs in upper Florida Bay due to hypersaline conditions.  The low pH values 
could correspond to water affected by reduced photosynthetic production and high respiration.  
Similarly, Yates and Halley (2006) found that high salinity stress affects calcifying organisms and seagrass 
production, indicated by a negative correlation between salinity and calcification.  Salinity was higher at 
Keys-KML during the autumn sampling (S = 39) than at any other time or site. 
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The large drop in pH at the Keys site coincided with much higher DIC and higher TA in 
comparison with the previous day.  Increased respiration from the seagrass die-off likely caused 
dissolution of calcareous material at the sediment interface.  Water masses higher in TA and DIC were 
then advected across Florida Bay to the Middle Keys.  The fCO2 was 1080 μatm and the values for the TA 
to DIC ratio and Ω were the lowest of any site in autumn.  These results highlight the magnitude of 
diurnal variation that can occur within carbonate system parameters.   
 
Further questions 
High carbonate alkalinity and spring-water moderated temperatures of the Springs Coast 
provide a good explanation for the common occurrence of A. angulatus in this area.  The analysis of 
normalized TA and DIC indicates that the Weeki Wachee coastal area (Site 4) is dominated more by 
calcification and dissolution than by photosynthesis and respiration.  However, key parameters that 
often indicate the potential for calcification in an environment (TA/DIC ratio, pH, Ω) were above average 
for Site 4 but not exceptional.  Sites 2 and 3 (Fort Desoto and Fred Howard Park) exhibited higher values 
at times, depending on the season.  Thus, the question remains as to why Archaias are not found in the 
siliciclastic beaches to the south, specifically at sites 2 and 3.  Water residence times might explain the 
presence/absence patterns among the northern three study sites, where conditions are harsher than 
Florida Bay in terms of winter temperatures and carbonate sediment percentage.  Shallow areas with 
longer residence times are subject to more extreme temperatures in summer or winter and also to 
turbidity events caused by storms, boat traffic, or nutrient runoff.  In the Springs Coast, the Archaias are 
living in greater depths (with the exception of FWC Site 61) than are found at Sites 2 and 3, and the 
water column is relatively well mixed by wind-driven currents and tidal movements.   
One of the biggest differences between the nearshore waters of the Springs Coast and the sites 
to the immediate south is the substratum:  greater exposure of the karst bathymetry versus thicker 
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deposits of quartz sand.  The Fred Howard site has Archaias in very low numbers, which highlights the 
question as to why they are not more abundant.  The carbonate parameters are similarly ideal (high pH 
and Ω), likely as a result of high alkalinity waters flowing southward from the Springs Coast.  However, 
the proportion of quartz sand is much higher in comparison to the Weeki Wachee area.  A lower 
percentage of calcareous sediment might result in less buffering in the micro-environments of the 
benthos where dissolution, particularly overnight, can occur as a result of respiration (Yates & Halley, 
2003, 2006; Silverman et al., 2007a, b).  Alternatively, Fred Howard Park is somewhat blocked from the 
influence of the Springs Coast by the outflow of the Anclote River, a non-spring fed river that does not 
originate from the limestone aquifer as do the coastal rivers of the Spring Coast.   
 
Future work 
This exploratory study revealed interesting gaps in our understanding of a predominant symbiont-
bearing foraminifer, Archaias angulatus.  I have characterized the carbonate chemistry parameters of 
diverse areas of the West Florida Shelf from snapshots of diurnal sampling in three seasons, yet more 
details of the environment of A. angulatus are needed to confirm their range of habitat preferences and 
the contributions from coastal springs, seeps and spring fed-rivers.  Additional work should be focused 
in three areas: 
1) Make onshore/offshore transects originating from the mouth of the Weeki Wachee River and 
Anclote River: 
- Focus on one season and sample more frequently over several days at multiple depths 
and at similar tide stages, and 
- Examine sediment collected in proximity to the water sampling sites and perform 
statistical analyses to determine the most important environmental parameter(s) to A. 
angulatus abundance (salinity, TA, seagrass coverage, water clarity, etc.). 
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2) Measure Mg/Ca ratios in A. angulatus from sediment samples along the transect to determine 
whether the concentration of magnesium in the riverine discharge is proportionally different 
than that of typical seawater. 
3) Direct measurements of [Ca2+] and [Mg2+] in rivers to make better determinations of saturation 
states in the coastal mixing zones of carbonate spring-fed rivers. 
4) Aquaria experimentation with A. angulatus to a) determine the effects of sediment type on high 
concentrations of aqueous CO2, and b) at elevated TA and reduced salinity, determine the 
salinities at which osmotic differences becomes critical to survival.  
59 
 
 
 
CONCLUSIONS 
 
The water chemistry data suggests that high alkalinity spring-fed input is beneficial for algal 
symbiont-bearing calcifying species as a supplement to the physical setting of shallow, clear water and 
prolific seagrass.  While the mean TA is high at the Weeki Wachee site in every season, the low TA/DIC 
ratio highlights the fact that the fCO2 is also high.  The high saturation states (Ω) in spring and early 
autumn –but not in winter—suggest a strong dependence on the aqueous CO2 portion of DIC and 
therefore on the broad meadows of seagrass found along the coast from the Big Bend area (north of the 
Springs Coast) down to the Anclote area (near Fred Howard Park).   
A summary of the findings of this study are as follows: 
1) Archaias angulatus occurs commonly in the shallow seagrass beds of the Springs Coast and 
abundantly in the Middle Keys at the outer reaches of Florida Bay. 
2) Archaias angulatus is rarely found in seagrass beds and nearshore sediments in the Tampa Bay 
region (rare at Fred Howard Park; absent at Fort Desoto). 
3) Common characteristics favoring A. angulatus occurrence in the Springs Coast and Florida Bay 
regions include: 
a) Extensive areas of clear, shallow water, and 
b) Carbonate-dominated sediments and surface lithologies. 
4) Environmental conditions favoring A. angulatus found in Florida Bay, not found in the Springs 
Coast region: 
a) Consistently normal marine to somewhat high salinity (36-39) year-round, and 
b) Subtropical temperatures. 
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5) Environmental conditions in the Springs Coast region that are not found at other sites: 
a) Consistently high TA and DIC,  
b) Lower salinities (< 25), and 
c) Cooler winter temperatures (beyond the nearshore). 
5) Input of high alkalinity fresh water appears to compensate for reduced salinity and, perhaps, for 
cooler winter temperatures in comparison to Florida Bay. 
6) Archaias angulatus were not found near the Weeki Wachee River mouth, likely due to riverine 
turbidity and salinity variability, nor in areas immediately adjacent to the river mouth where 
rocky substrate seems to prevent seagrass attachment; conditions at which TA compensates for 
low salinity have yet to be determined.   
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APPENDIX A: 
CORRECTION METHOD FOR GLASS ELECTRODE pH MEASUREMENTS OF SEAWATER 
 
In situ pH meter measurements were not utilized for calculations in this study.  Measured values 
of DIC and TA were used to calculate pH, fCO2 and all other variables.  Direct pH measurements, 
however, were obtained in the field using a Hanna Instruments (HI) meter.   This meter has auto 
temperature compensation and contains a double junction (Ag/AgCl) electrode.  The meter was 
calibrated daily using HI buffers formulated to NIST standards.  Buffers that bracket the full range of 
expected seawater pH were chosen (e.g., 7.011 and 9.177).  Calibrations were performed at a 
temperature comparable to the seawater to be sampled.   
The large difference in ionic strength between NIST buffers and natural seawater creates 
measurement problems.  Changes in the electrode’s liquid junction potential between the dilute NIST 
buffers and high ionic strength seawater causes calibration offsets.  However, by comparing the pH of 
seawater samples obtained using the Hanna meter with the pH of each sample obtained with a 
spectrophotometric device, a correction factor can be determined for the meter and applied to the field 
measurements.   
Simultaneous measurements with a pH glass electrode (HI72911B with a HI98191 meter) and a 
spectrophotometer (HP 8453 UV-Visible) were obtained in three trials.  For each trial, sample seawater 
was divided into subsamples and maintained at 25 °C.  To calibrate the pH electrode, I selected buffers 
identical to those used in calibrations of the pH meter during field sampling at particular sites in 
previous sampling seasons.  This process allows for correction of field pH values from each site within 
each season.   
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Concurrent potentiometric and spectrophotometric measurements were used to create a linear 
regression.  Using the regression, potentiometric pH values obtained from field measurements can be 
used to calculate the pH values that would have been observed with the spectrophotometric device.  
This model worked well over the middle range of pH field measurements:  corrected pH values are very 
similar to pH values that were calculated from TA and DIC.  However, for both low and high pH values (in 
situ measurements), the model progressively breaks down.  In this study, values as low as 7.65 and as 
high as 8.47 (Total scale) were calculated from TA and DIC measurements.  During the experiment, 
though, the sample pH values recorded by the spectrophotometric device ranged from 7.16 to 8.09 
(Total scale).  This method of correcting pH probe values is seemingly useful if proper samples can be 
chosen for pH comparisons.  Seawater samples that bracket the entire range of expected field 
measurements are required.  Ideally, a spectrum of samples that spans the range of expected in situ pH 
values should be used.  Also, this method may potentially be successful by using synthetic buffers with 
ionic strengths equal to seawater. 
A consistent pH scale should be used throughout the conversion process, and the temperature 
of the pH values must be handled carefully.  As the model is designed for pH measurements at 25 °C, all 
field measurements (pH electrode) must be converted to pH at 25 °C to be run through the model.  The 
corrected values produced by the model should then be converted back to the pH values at the original 
in situ temperatures.  The corrected pH values can then be paired with DIC measurements to calculate 
the other carbonate system parameters.  If the model produces accurate pH results, then calculations of 
TA from pH and DIC will likely produce realistic values of the inorganic TA.  In coastal areas especially, 
contributions from organic alkalinity can produce large errors in measured values of TA (Cai et al., 1998; 
Yang et al., 2015b).   
As stated above, the pH conversion method was not utilized in this study because the model did 
not encompass the full range of expected pH values.  This method can be made more accurate by 
70 
 
choosing a wider range of pH samples.  In any case, the results of the three trials confirmed that errors 
in pH arise from the use of dilute calibration buffers for pH measurements in seawater.  The average 
difference between the pH probe values and model-corrected values (0.08) was not as large as the 
average of the actual differences between the probe and spectrophotometer values seen in the 
experiment (0.15); this is a function of the slope of the model which could be improved using a wider 
range of pH samples.  Several high values measured by the pH probe in the field indicate that pH error 
created by the use of low ionic strength buffers in seawater pH measurements is at least 0.15.    
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APPENDIX B: 
RESULTS OF TA AND DIC MEASUREMENTS FROM FILTERED AND UNFILTERED  
SEAWATER SAMPLES 
 
Filtering of seawater samples was performed in the autumn only.  There was some difference 
between filtered and unfiltered values.  However, the most substantial differences were seen at site 4 
(Weeki Wachee).  Likely reasons for the differences include the following:  The Weeki Wachee site was 
the first site sampled and the filtering protocol was not yet well rehearsed.  Also, the hand-crank 
filtering process often took quite a while, nearly 20 minutes at first but faster with each subsequent 
sampling.  Additionally, filtered and unfiltered samples were taken from opposite sides of the boat 
(similarly at Site 2, Fort Desoto, as well).  Due to sampling logistics, there were a few instances when 
only an unfiltered sample was retrieved.  Conversely, the samples at depth (2.5 m) could only be taken 
by the filtering method.  Additionally, in the laboratory, there were several instances when TA was not 
obtained due to machine failure or operator error.   
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Table B1.  Side-by-side comparison of unfiltered and filtered samples for both TA and DIC and the difference in 
value between the two methods (ΔTA, ΔDIC).  As indicated by the specific sampling times, the unfiltered and 
filtered samples were not always taken at exactly the same time but were taken as close together as possible.  The 
four samples highlighted in purple (Weeki Wachee site only) were taken at depth (2.5 m) as opposed to at the 
surface (~0.75 m). 
 
  
Site Date Time
TA 
(unfiltered) ΔTA 
TA   
(filtered) Time Time
DIC 
(unfiltered) ΔDIC  
DIC 
(filtered) Time
4 9/21/2015 8:45 2705 9:05 8:45 2439 16 2423 9:05
4 9/21/2015 9:26 2702 9:59 9:26 2431 5 2426 9:59
4 9/21/2015 2713 10:25 2413 10:25
4 9/21/2015 15:30 2879 15 2864 15:28 15:30 2564 25 2540 15:28
4 9/21/2015 16:43 2808 5 2803 16:45 16:43 2495 7 2488 16:45
4 9/21/2015 2707 17:08 2407 17:08
4 9/21/2015 17:57 2758 12 2746 17:52 17:57 2434 20 2415 17:52
4 9/22/2015 8:15 2578 9 2587 8:21 8:15 2304 7 2311 8:21
4 9/22/2015 9:29 2587 5 2592 9:26 9:29 2314 20 2294 9:26
4 9/22/2015 2556 9:29 2285 9:29
4 9/22/2015 10:25 2617 1 2616 10:24 10:25 2345 5 2350 10:24
4 9/22/2015 15:32 2738 4 2733 15:31 15:32 2443 10 2433 15:31
4 9/22/2015 16:35 2764 32 2732 16:34 16:35 2432 6 2426 16:34
4 9/22/2015 2708 16:54 2394 16:54
4 9/22/2015 17:57 2654 17:57 2352
3 9/25/2015 8:22 2382 8:30 8:22 2094 0 2094 8:30
3 9/25/2015 10:27 2365 7 2371 10:35 10:27 2100 3 2097 10:35
3 9/25/2015 16:37 2294 12 2306 16:42 16:37 1914 7 1907 16:42
3 9/25/2015 18:18 2296 8 2304 18:26 18:18 1884 12 1897 18:26
3 9/26/2015 8:02 2378 17 2362 8:08 8:02 2158 28 2130 8:08
3 9/26/2015 10:03 2393 3 2391 10:09 10:03 2172 6 2166 10:09
3 9/26/2015 16:41 2351 4 2347 16:47 16:41 1994 12 1981 16:47
3 9/26/2015 19:12 2313 19:12 1899
2 10/4/2015 9:05 2470 4 2466 9:02 9:05 2170 18 2152 9:02
2 10/4/2015 10:41 2527 0 2527 10:38 10:41 2156 21 2134 10:38
2 10/4/2015 16:48 2416 1 2415 16:41 16:48 1990 1 1989 16:41
2 10/5/2015 8:01 2437 27 2465 8:00 8:01 2165 10 2155 8:00
2 10/5/2015 9:23 2475 5 2481 9:04 9:23 2158 1 2159 9:04
2 10/5/2015 10:31 2518 2 2517 10:27 10:31 2179 6 2185 10:27
2 10/5/2015 15:56 2422 8 2430 15:53 15:56 1802 12 1789 15:53
2 10/5/2015 17:25 2404 0 2404 17:00 17:25 1947 9 1956 17:00
2 10/5/2015 17:59 2420 4 2424 17:59 17:59 1965 11 1976 17:59
1 10/14/2015 8:27 2132 1 2133 8:32 8:27 1889 18 1908 8:32
1 10/14/2015 9:40 2107 9:42 9:40 1807 15 1823 9:42
1 10/14/2015 10:58 2104 2 2102 11:02 10:58 1789 9 1798 11:02
1 10/14/2015 16:33 2097 2 2095 16:42 16:33 1760 5 1755 16:42
1 10/14/2015 17:46 2115 10 2125 17:49 17:46 1831 1 1832 17:49
1 10/14/2015 18:46 2094 11 2083 18:49 18:46 1764 4 1768 18:49
1 10/15/2015 8:22 2192 8 2201 8:28 8:22 2042 5 2047 8:28
1 10/15/2015 9:42 2200 0 2200 9:45 9:42 2055 15 2069 9:45
1 10/15/2015 16:36 2163 16 2180 16:38 16:36 1842 4 1846 16:38
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APPENDIX C: 
DISTRIBUTION OF ARCHAIAS ANGULATUS FROM SEDIMENT ANALYSIS 
 
Table C1.  Abundances of Archaias angulatus (full assemblage and live specimens) as well the percentage of live 
specimens, the individual foraminifer weight, and the density of specimens per gram of sediment specific to each 
sample.  
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APPENDIX D: 
REGRESSION LINES FOR PLOTS OF TA X SOCE/S VERSUS 1/S 
 
Table D1.  Regression lines for the plots of TA x Soce/S versus 1/S shown in figures 12 and 13. 
Site Name Regression Line 
Fort Desoto TA*Soce/S = 18987/S + 587 
Fred Howard Park TA*Soce/S = 58294/S + 565 
Weeki Wachee   TA*Soce/S = 91367/S - 1184 
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APPENDIX E: 
SAMPLING RANGES IN TA AND DIC 
Table E1.  Ranges of TA and DIC for each site in each season over the full sampling time periods.  Note that 
sampling at Site 4 was minimal in winter (sampled once in each the A.M. and P.M.) and incomplete in spring (only 
A.M. sampled). 
 
 
Winter Spring Autumn
Site 1 ΔDIC 146 157 295
Site 1 ΔTA 105 55 106
Site 1 ΔDIC/ΔTA 1.39 2.85 2.78
Site 2 ΔDIC 270 376 377
Site 2 ΔTA 174 127 124
Site 2 ΔDIC/ΔTA 1.55 2.96 3.04
Site 3 ΔDIC 207 155 288
Site 3 ΔTA 155 67 99
Site 3 ΔDIC/ΔTA 1.34 2.31 2.91
Site 4 ΔDIC 145 22 260
Site 4 ΔTA 51 13 301
Site 4 ΔDIC/ΔTA 2.84 1.69 0.86
Mean TA range: 115
Mean DIC range: 225
Ranges of DIC and TA and the ratio of                                 
DIC range to TA range
